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Abstract 
The primary purpose of this project was to develop a use for 
the spent sorbent from a spray dryer flue gas desulfurization 
system. In addition to spent sorbent, fly ash was included in 
the utilization schemes because it is a byproduct of coal com­
bustion and because it is a pozzolan. It would be helpful to 
find uses for these two substances and thus decrease the amount 
of land needed for their disposal and help offset the costs of 
flue gas desulfurization. 
Uses have previously been proposed for cementitious systems 
similar to spent sorbent and fly ash, and two seemed the most 
promising: (1) use as a low grade cement, and (2) use as a haz­
ardous waste fixation/solidification agent. Unconfined 
Compressive Strength (UCS) was the primary criterion for using 
the two as a low grade cement; strength and fixating ability was 
the criterion for using them as a hazardous waste fixating/ 
solidifying agent. 
Because the spent sorbent and the fly ash were obtained 
independently, many blends of the two were tested, as well as the 
materials alone. Cement was added to some samples (9% by weight 
on a dry basis) to test the effect of spent sorbent on the well­
known interactions between fly ash and cement and also to 
increase strength and fixating ability. 
without cement, neither the spent sorbent, the fly ash, nor 
any blend of the two developed enough strength to be useful in 
construction. However, small amounts of spent sorbent (2-6% by 
weight) had a very positive effect on samples of fly ash and 
cement, increasing the strength of these samples as much as 
120%. These effects are probably catalytic and were observed at 
all cure times. The greatest strength was found after 28 days of 
curing with a blend containing 50% spent sorbent and 50% fly ash 
with cement (the strength was 590 psi). This could mean that 
there are other beneficial interactions in addition to the cata­
lytic effects among spent sorbent, fly ash, and cement •. 
Without cement, the spent sorbent fixed lead immediately 
(i.e., with no curing time), cadmium after 7 days of curing, and 
chromium after 14. (Fixed was defined as having a concentration 
in the leachate less than 100 times the interim drinking water 
standard.) When cement was added to the spent sorbent, all three 
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metals were fixed immediately. The strength of the spent sorbent 
samples did not differ greatly from those prepared with ordinary 
tap water. 
Fly ash, and one blend of 98% fly ash and 2% spent sorbent, 
fixed the lead and the cadmium immediately and the chromium after 
14 days of curing. When cement was added, all three metals were 
fixed immediately. The strength of these samples was much 
greater than the strength of the same samples prepared with 
ordinary tap water. As before, the spent sorbent had a positive 
effect on the strength of the fly ash/cement system, but this 
time the effect was more pronounced. Both the increased strength 
of these samples and the more pronounced effect of spent sorbent 
could have been because of pH (the heavy metal solutions were 
acidic) or to the presence of certain anions (chromium and lead 
were added as the chloride and cadmium as the bromide). 
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Executive Summary 
The spray dryer is a relatively new flue gas desulfurization 
(FGD) technology rapidly gaining popularity with utilities and 
other industries that need such systems. There are many 
advantages to using the spray dryer instead of the more common 
wet scrubber, but probably the biggest is that it generates a dry 
byproduct instead of a sludge. The dry byproduct is easier to 
handle and has less volume than the sludge, both factors that 
make disposal costs lower. Because the spray dryer is becoming­
so popular, use of spray dryer waste would be desirable because 
it would reduce the amount of land required for waste disposal 
and could be important to the economics of burning high sulfur 
coal. 
In addition to byproducts from flue gas desulfurization, a 
power plant burning high sulfur coal will generate large quanti­
ties of fly ash, the inorganic material in coal that cannot be 
burned and so "flys" up the stack. Air pollution laws regulate 
these emissions, so fly ash must be removed from the flue gas 
before discharge. Fly ash has long been known as a good pozzolan 
and is frequently mixed with cement as a strength enhancer and 
inexpensive aggregate. Because of these properties, and because 
it constitutes a disposal problem as does the spent sorbent, fly 
ash was included in the utilization schemes. For these reasons, 
the primary focus of this research project was on developing a 
use for spray dryer byproduct. A secondary purpose was to 
develop a use for a spent sorbent/fly ash combination. A Type F 
fly ash (pozzolanic, but not cementitious) was used in this 
study. 
Uses for cementitious systems similar to spent sorbent and 
fly ash have been proposed previously, but two seemed the most 
promising: (1) use as a low grade cement, and (2) use as a 
hazardous waste fixation/solidification agent. Unconfined 
Compressive Strength (UCS) was the primary criterion for using 
the two as a low grade cement; strength and fixating ability was 
the criterion for using them as a hazardous waste fixating/ 
solidifying agent. 
Because the spent sorbent and the fly ash were obtained 
independently, many blends of the two were tested, as well as the 
materials alone. Cement was added to some samples (9% by weight 
on a dry basis) to test the effect of spent sorbent on the well-­
known interactions between fly ash and cement and also to 
increase strength and fixating ability. 
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To test the cementitious properties of these materials, the 
spent sorbent, the fly ash, and all blends of the two were mixed 
with water and cured in a 100% humidity chamber. After curing 
for 8, 14, and 28 days, the samples were tested for unconfined 
compressive strength. To test fixation and solidification, the 
spent sorbent, the fly ash, and one blend containing 98% fly ash 
and 2% spent sorbent, were mixed with solutions of lead, cadmium, 
and chromium and cured in a 100% humidity chamber. After 7 and 
14 days, the samples were tested for unconfined compressive 
strength and then leached according to EPA procedures. The 
leachate was then analyzed for heavy metals. An uncured sample ­
was also leached and analyzed. 
Without cement, neither the spent sorbent, the fly ash, nor 
any blend of the two produced enough strength after 28 days to be 
useful in construction. The spent sorbent did have enough 
strength for land-filling purposes (>25 psi, enough strength to 
support earth-moving equipment). 
With cement added, strengths were much greater. Small 
amounts of spent sorbent (2-6% by weight) had a very positive 
effect on the fly ash/cement system, increasing its strength up 
to 120%. These effects are thought to be catalytic and were 
observed at all cure times. The greatest strength was found 
after 28 days of curing with a blend containing 50% spent sorbent 
and 50% fly ash. This could mean that in addition to catalytic 
effects there are other beneficial interactions among the spent 
sorbent, the fly ash, and the cement. 
The results of the fixation/solidification experiments were 
also very encouraging. With only 9% cement added, the spent 
sorbent immediately fixed the chromium, lead, and cadmium to non­
toxic levels. (Concentrations above 100 times the interim 
drinking water standard were considered toxic, concentrations 
below this were considered nontoxic.) The fly ash, with 9% 
cement added, also fixed the metals immediately. Spent sorbent 
alone fixed the lead immediately, the cadmium by 7 days and the 
chromium by 14 days. The fly ash and a blend of 98% fly ash and 
2% spent sorbent fixed the cadmium and the lead immediately and 
the chromium by 14 days. 
The strength of these samples was much greater than the 
strength of the same samples prepared without metals. As before, 
the spent sorbent had a positive effect on the strength of the 
fly ash/cement system, but this time the effect was more pro­
nounced. Both the increased strength and the more pronounced 
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effect of spent sorbent could have been because of pH (the metals 
solutions were acidic) or possibly certain anions (chromium and 
lead were added as the chloride, and cadmium as the bromide). 
In conclusion, we found that small amounts of the spent 
sorbent increased the unconfined compressive strength of a fly 
ash/cement mixture as much as 120%. The spent sorbent fixed lead 
immediately, cadmium at 7 days, and chromium at 14 days. With 9% 
cement added, the spent sorbent immediately fixed all three 
metals to nontoxic levels. When the simulated wastes were mixed 
with the spent sorbent, the catalytic effect of the spent sorben~ 
was seen again and was actually enhanced by the waste. 
The effect of the spent sorbent on Type C fly ashes should 
be investigated to see if the same benefits occur. Type C fly 
ashes are cementitious materials and are already used in 
construction. If spent sorbent exhibited the same characteristics 
with Type C fly ash as it did with Type F fly ash, spent sorbent 
could become a useful material to the construction industry. 
Lime should be tried, instead of cement, because lime is 
relatively inexpensive when compared to cement and could result 
in similar strengths. Longer-term studies should be conducted to 
see if the structural integrity of the system remains after many 
days of curing. Other tests, such as freeze thaw, should be 
conducted to evaluate more fully the suitability for construc­
tion. These same tests should be conducted on samples containing 
waste. In addition, the mechanism of fixation should be invest­
igated. This was of great interest to the authors but was beyond 
the scope of the original project. 
-xv­
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Chapter 1
 
Introduction
 
The primary purpose of this project was to develop a use for 
the spent sorbent from a spray dryer flue gas desulfurization 
system. Such a utilization scheme would be beneficial in that it 
would decrease the amount of land needed for spent sorbent dis 
posal and could help offset the costs of flue gas desulfurization. 
Two uses were sought. One was in the construction industry­
as a low grade cement, the other in the hazardous waste manage­
ment industry as a fixation/solidification agent. Fly ash was 
included in the utilization schemes because it too is a byproduct 
of burning coal and has certain properties that could be 
beneficial to the spent sorbent. Because the fly ash and the 
spent sorbent were obtained independently, various blends of the 
two, as well as the materials themselves, were tested. 
Both uses have been investigated before, but most of the 
work has concentrated on sludges from wet scrubbers, not spent 
sorbent from spray dryers. Some work has been done on spent 
sorbent, as well as on cementitious systems similar to the ones 
being studied here, but no work has been done on byproducts from 
a spray dryer operating on high sulfur coal or on the various 
blends of spent sorbent and fly ash investigated here. 
The suitability of the spent sorbent and the various blends 
of spent sorbent and fly ash to these uses was determined in two 
ways: (1) all samples were tested for unconfined compressive 
strength up to 28 days, and (2) those samples also being tested 
for fixation/solidification were prepared with high concentra­
tions of lead, cadmium, and chromium, leached (according to EPA 
EP toxicity procedures) after 7 and 14 days, and all leachates 
analyzed for the three metals with an atomic absorption 
spectrometer. A few samples were analyzed with X-ray diffraction 
to determine the crystalline compounds present. 
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Chapter 2
 
Experimental Procedures
 
The experimental work can be divided into two general 
groups: one consists of mixing, curing, and strength testing; 
and the other consists of leaching, filtering, metals analysis, 
and X-ray diffraction. 
2.1	 Mixing, Curing, and 
Breaking Procedures 
The spent sorbent was obtained from the spray dryer at 
Argonne National Laboratory, where a great deal of pioneering 
research has been, and continues to be, conducted in spray dryer 
flue gas desulfurization. The stoker-fed boiler there burns high 
sulfur coal mined in the Illinois Basin and produces a flue gas 
with about 2500 ppm sulfur dioxide. Fly ash is removed with 
cyclones prior to the spray dryer, while the spent sorbent is 
captured in a baghouse. The reagent is lime, which results in a 
spent sorbent consisting primarily of CaS03 1/2H20 (see 
Appendix D). 
Fly ash was obtained from an Illinois Power Company plant 
that also burns high sulfur coal mined in the Illinois Basin, but 
has a pulverized coal feeder instead of a stoker. This results 
in a finer ash more suitable to the uses hoped for; it is also 
more representative of utility fly ashes. 
Various blends of spent sorbent (SS) and fly ash (FA) were 
tested, as well as the pure materials. Samples were labeled 
"spent sorbent/fly ash"/"cement" (SS/FA/CE), with numbers 
replacing these symbols. The first number represents the 
percent, by weight, of spent sorbent in the blend of spent 
sorbent and fly ash; the second number represents the percent fly 
ash in the blend of spent sorbent and fly ash. The third number 
is the grams of cement added per 100 9 of blend (SS+FA); for 
these experiments it was always 10 or O. For example, a sample 
labeled 70/30/0 contained 70% SS, 30% FA, and no cement. The 
following blends were tested for unconfined compressive strength 
100/0/0, 90/10/0, 70/30/0, 50/50/0, 30/70/0, 10/90/0, 6/94/0, 
4/96/0, 2/98/0, and 0/100/0. In addition, the above blends were 
tested with 10 g of CE added per 100 9 of blend. The exact 
amounts used and water added appear in Appendix a, Table a-I. 
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The major component of the spent sorbent was calcium sulfite 
hemihydrate, and the major crystalline component of the fly ash 
was alpha quartz. 
Mixing was done as described in ASTM standard C-305. All 
samples were prepared so that the ratio of water to volume of 
solids (W/TV) would be a constant. The appropriate ratio was 
determined by finding the optimum moisture content (OMe) of the 
spent sorbent and the fly ash (OMe is the smallest amount of 
water that has to be added to a solid to produce a homogeneous 
mixture). The greater W/TV was used for all samples. It was 
assumed that OMC would vary linearly between 100% spent sorbent 
and 100% fly ash; qualitatively this was the case. The spent 
sorbent had the larger OMC and was very stiff when mixing was 
complete. The 90/10/0 blend was a little less stiff, the 70/30/0 
less stiff than the 90/10/0, and so on. The 0/100/0 blend was 
actually soupy. 
After mixing, the samples were placed in cylinders of PVC 
pipe 1-1/2 in. high by 1-1/2 in. inside diameter. The cylinders 
were sealed with paraffin to metal plates and sprayed inside with 
a silicon lubricant. Each cylinder was filled approximately half 
full with sample, tamped 30 times, filled completely, and then 
tamped another 30 times. All samples were cured in a 100% rela­
tive humidity room at approximately 21°C. 
Samples were broken at 8, 14, and 28 days. Before breaking, 
the cylinders were capped with a quick-drying high cal agent, a 
plasterlike material put on one or both faces of the sample to 
ensure the uniformly flat surface necessary for consistent 
compression strength results. The face open to the humidity room 
was always capped, and if the face on the plate was rough, it too 
was capped. Capping both sides resulted in more consistent data. 
The spent sorbent, the fly ash, and the 2/98 blend were 
chosen to test the fixating abilities of these materials. The 
2/98 blend was chosen because it had a relatively high strength 
after 8 days of curing. 
Three solutions of heavy metals designed to simulate hazard~ 
ous waste were prepared to mix with these materials. A -1800 ppm 
solution of cadmium was prepared by dissolving 15.3 g of CdBr in 
5 L of distilled water. A -4600 ppm solution of chromium was 
prepared by dissolving 117.1 g of CrCl 3 6H20 in 5 L of distilled 
water. A -500 ppm solution of lead was prepared by dissolving 
3.3 g of PbC1 2 in 5 L of distilled water. The erC1 3 6H20 
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dissolved readily, forming a greenish solution with a pH of 
approximately 3.0. The CdBr dissolved less readily but after 24 
hours formed a clear solution with a pH of about 3.5. The PbC1 2 
was the slowest to dissolve; after 72 hours it formed a clear 
solution with a pH of about 3.5. 
The samples containing the heavy metals were prepared in the 
same manner as the original samples were, except the solutions of 
lead, chromium, and cadmium were used in place of tap water. 
(Tap water was used for the previous samples because it simulates 
real-life conditions such as a construction site). In some case~ 
tap water was added as make-up water in order to keep the W!TV 
ratio a constant as well as the ratio volume of metal solution to 
mass of solids. This prevents any bias toward those samples 
requiring less water for mixing (Tables B2-B4). 
Interestingly, the samples prepared with the solutions of 
heavy metals mixed more easily than those prepared with normal 
tap water. For example, the 100/0/0 batch prepared with tap 
water was very stiff at the end of mixing, whereas the 100/0/0 
batch prepared with the chromium solution was relatively easy to 
mix and was actually wet when mixing was complete. This could be 
because of the acidic pH of the solutions. 
These samples were cured in the same humidity chamber as the 
normal samples but with provisions taken to catch any runoff 
water. The cylinders were capped and broken as with the normal 
cylinders. 
2.2 Leaching Procedure 
Approximately 38 9 of sample were thoroughly ground with a 
mortar and pestle in preparation for the leaching process. The 
38 g were accurately weighed and quantitatively transferred to a 
glass leaching bottle. Approximately 600 mL of distilled water 
were added to each bottle, and the bottle stoppered and shaken 
for several seconds. After each sample settled for about 
5 minutes, its pH was determined with pH paper. The leaching is 
supposed to take place at a pH of 5.5, as called for in the _ 
procedure. If the pH was greater than 5.5 (and usually it was),­
concentrated acetic acid was added until the pH was corrected. 
All samples were then shaken in a gyratory shaker at 180 rpm for 
15 minutes. The procedure for pH adjustment was repeated for 
each sample if necessary, and the samples placed in the shaker 
again. Those samples requiring pH adjustment after 15 minutes 
were taken out of the shaker after 15 additional minutes and the 
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pH adjusted, if necessary. Those samples not needing pH 
adjustment after 15 minutes were shaken for 30 minutes and then 
checked. After passing 30 minutes without pH adjustment, the 
sample was shaken for an hour. When a sample could be shaken for 
1 hour without pH adjustment, it was placed in the shaker and 
shaken for a total shaking time of 24 hours. 
2.3 Filtering Procedure 
A two-stage filtering apparatus was used (Appendix C) for 
all filtering. The purpose of the two-stage apparatus was to 
filter coarse particles before the leachate encountered the very 
fine (0.45 micron) filter paper required for proper leachate 
preparation. This substantially decreased the time needed for 
filtering leachates. The entire apparatus was cleaned with dis­
tilled water, then with 1 M nitric acid, and then again with 
distilled water. Twenty-five milliliters )f concentrated nitric 
acid were placed in a clean filter flask and the filtering 
begun. The contents of the leaching bottle were quantitatively 
transferred to the filtering apparatus, and when filtration was 
complete, the cake washed with distilled water. The leachate was 
then transferred to a 1000 mL volumetric flask. The walls of the 
fiiter flask were washed with 10 mL of concentrated nitric acid 
and small amounts of distilled water, and the contents 
transferred to the 1000 mL volumetric flask. The flask was 
diluted to volume, and the sample stored in a polyethylene 
bottle. The leachates that resulted had a nitric acid 
concentration of at least 0.56 M (2.5% W/V) and therefore a pH 
<0.5. This is sufficient to satisfy the storage requirements of 
USEPA Methods 7420 (Pb), 7190 (Cr), and 7130 (Cd). 
2.4 AAS Sample Preparation 
All leachates were analyzed by the method of standard addi­
tion. Each addition was prepared in a 100 mL volumetric flask by 
adding 3.5 mL of concentrated nitric acid, 20 mL of leachate, and 
the appropriate amount of standard to yield the necessary concen­
tration for that addition. To suppress certain interferences, 
10 mL of 20% (by weight) aqueous NH4Cl were added to the chromiu~ 
samples (this results in a concentration in the sample of 2% by 
weight); 0.5 mL 9f disodium EDTA (336.2 g/mL) were added to the 
cadmium samples. Each sample was diluted to volume and then 
analyzed. 
A more thorough presentation of the above procedures, as 
well as of their development, appears in Appendix C. 
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Chapter 3
 
Results
 
3.1 Unconfined Compressive Strength (NO Metals) 
The samples having no cement developed very little compres­
sive strength (Table 1 and Figure 1). The primary source of 
strength for these samples was probably compaction, not hydration 
products. In such a system, strength arises from the compaction 
of particles, not the entanglement of growing crystals as is th~ 
case when hydration products are present. Thus, mixing has an 
even greater impact than usual on strength because it determines 
how close the particles pack together. The 90/10/0 sample had 
the greatest strength at all cure times (Appendix A, Figures A-I 
- A-4; Appendix B, Table B-5). This is somewhat odd and is 
probably due to mixing effects, not spent sorbent/fly ash 
interaction. It is believed that the 90/10/0 sample was mixed 
with its optimum moisture instead of the pure spent sorbent and 
so developed the greatest strength. The optimum amount of 
moisture is the smallest amount of water that produces a 
homogeneous mixture of liquid and solid when the two are mixed. 
If the primary source of strength is compaction, the sample mixed 
with its optimum moisture content is the most likely to be the 
strongest because its particles become the closest together. 
Between 8 and 14 days, most samples either lost strength or 
stayed the same. 
Table 1. Compressive Strength (psi), No Cement 
Blend Curing Time (Days) 
8 14 28 
100/0/0 
90/10/0 
70/30/0 
50/50/0 
30/70/0 
10/90/0 
6/94/0 
4/96/0 
2/98/0 
0/100/0 
36.0 
41.1 
21.9 
23.8 
19.8 
19.9 
14.5 
35.8 
35.5 
22.4 
11.4 
22.2 
17.5 
20.7 
53.8 
58.3 
46.2 
34.0 
46.1 
56.0 
44.1 
28.3 
17.8 
26.4 
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Days y~ring Time (no cement added) . I 
With cement added, all samples developed much greater 
strength, and some interesting results were found (Table 2; 
Figure 2). After 8 days of curing, compressive strength ranged 
from 118.2 psi with the 70/30/10 blend to 172.6 psi with the 
90/10/10 blend. At early cure times, compaction can still be an 
important source of strength, thus the peak with the 90/10/10 
blend. At later cure times, when more hydration products are 
present, compaction is much less important (by 28 days the 
90/10/10 sample had one of the lowest strengths). The 100/00/10 
sample (spent sorbent with cement) had a strength of 142.6 psi, 
and the 0/100/10 sample (fly ash with cement) had a strength of ­
146 psi. The strength of the fly ash sample was one of the 
weakest samples at 8 days. However, with only 2% spent sorbent 
added, it attained a strength of 170.6 psi, the second strongest 
sample at 8 days. In fact, four of the five strongest samples 
were the ones containing small amounts of spent sorbent (2, 4, 6, 
and 10% by weight) added to the fly ash/cement mixture. This is 
probably because of the catalytic effect of calcium sulfite 
hemihydrate, a major component of the spent sorbent, on the fly 
ash/cement interactions (Figures A-5 - A-8: Table B-6). 
After 14 qays of curing, all the samples developed greater 
strength and showed virtually the same behavior as was observed 
at 8 days. At 14 days, UCS ranged from 198.3 psi with the 
0/100/10 blend to 435.6 psi with the 4/96/10 blend. The pure 
spent sorbent had a UCS of 208.5 psi. The four strongest blends 
at 14 days were 4/96/10 at 435.6 psi, 6/94/10 at 402.7 psi, 
10/90/10 at 361.1 psi, and 2/98/10 at 327.3 psi. These samples 
are respectively, 120.0, 103.0, 82.3, and 65.0% stronger than the 
fly ash/cement alone. Once again, the increase in strength is 
probably because of to the catalytic effect of calcium-sulfite 
hemihydrate. 
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Table 2. Compressive Strength (psi), With Cement 
Blend Curing Time (Days) 
8 14 28 
100/0/10 i42.6 208.5 238.8 
90/10/10 172.6 213.2 279.2 
70/30/10 118.2 260.1 443.3 
50/50/10 129.3 274.0 590.4 
30/70/10 136.7 348.0 562.1 
10/90/10 157.7 361.6 448.9 
6/94/10 162.9 402.7 469.6 
4/96/10 158.4 435.6 456.5 
2/98/10 170.6 327.3 354.6 
0/100/10 146.0 198.3 297.9 
After 28 days of curing, UCS ranged from 238.8 psi with the 
100/0/10 sample to 590.4 psi with the 50/50/10 sample. The 
0/100/10 sample had a UCS of 297.9 psi. Once again, the samples 
containing small amounts of spent sorbent were among the strong­
est. The peak at 50/50/10 was very definite. The X-ray diffrac­
tion pattern for this sample showed no new hydration products and 
no significant increase in the hydration product already present. 
Therefore, this peak is still unexplainable. 
Conclusion 
Because low strength data are not very reliable, it is hard 
to draw firm conclusions concerning the noncement samples. In 
general, the primary source of strength was compaction, not 
hydration products. Accordingly, the 90/10/0 and the 100/0/0 
samples consistently produced the greatest strength. The 0/100/0 
sample was among the weakest at all cure times. 
With cement added, the catalytic effects of the spent 
sorbent were clear. The optimum amount was 2% (by weight) at 8 
days, 4% at 14 days, and 6% at 28 days. At all cure times the 
pure spent sorbent and the pure fly ash samples had comparable 
strengths. After 28 days, the strongest sample was 50/50/10. 
This could indicate additional interactions between the spent 
sorbent, the fly ash, and the cement, but X-ray diffraction 
results were inconclusive. 
-11­
3.2	 Unconfined Compressive 
Strength (with Metals) 
Without exception, pure fly ash with and without cement and 
2/98/0 and 2/98/10 were stronger when prepared with the solutions 
of lead, cadmium, and chromium than when prepared with just 
water. The reasons for this are not clear but could be anionic 
or pH related. The metals solutions were slightly acidic, and 
lead and chromium were added as the chloride and cadmium as the 
bromide. The samples containing only spent sorbent showed no 
significant change in strength. 
Once again, the spent sorbent apparently catalyzed the 
interactions between the fly ash and the cement, because all 
samples containing 2% spent sorbent were the strongest after 28 
days. In some cases the effect was magnified; and in others, it 
was about the same. 
Conclusion 
Pure fly ash with and without cement, and 2/98/0 with and 
without cement when prepared with solutions of lead, cadmium, and 
chromium, were consistently stronger than those prepared with 
ordinary tap water. Whether this was because of pH or certain 
anions is not clear. Pure fly ash with and without cement almost 
always developed greater strength than the pure spent sorbent. 
3.3	 Leachate Results 
Without curing, lead, cadmium, and chromium were fixed to 
nondetectable levels by every sample tested except the spent 
sorbent containing cadmium. This sample had a concentration in 
the leachate of 1.22 ppm cadmium, 0.22 ppm above the toxicity 
limit. After 7 days of curing, the cadmium was also fixed to a 
nondetectable level. Interestingly enough, at 7 days chromium 
was found in the leachates of 0/100/0, 2/98/0, and 100/0/0 in 
concentrations of 7.68, 10.9, and 10.2 ppm, respectively. This 
was above 100 times the interim drinking water standard for chro­
mium (5 ppm) and so would be considered toxic. At 14 days the 
concentrations were again nondetectable. None of the other 
samples showed this resurgence of metals at 7 days. 
To confirm these results, a few samples were taken to the 
Illinois State Water Survey for analysis that in each case was 
nearly identical to our own. The greatest difference was in the ­
analysis of a 7-day 2/98/0 sample containing chromium. We found 
-12­
10.9 ppm of Cr as opposed to the 17.4 ppm reported by the Water 
Survey. The large discrepancy was probably because 10.9 was 
slightly out of the linearity range of our standard additions. 
Our additions were chosen so that concentrations around the 
toxicity limit would be in the linearity range. Therefore, we 
remain confident that the results of the study are accurate 
because these concentrations were in our linearity range. Also, 
this sample was an extreme, all other analyses differed by less 
than 1.5 ppm. 
-13­
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Figures 
A-I UCS* Versus % Spent Sorbent at 8 Days (No Cement) 
A-2 UCS Versus % Spent Sorbent at 14 Days (No Cement) 
A-3 UCS Versus % Spent Sorbent at 28 Days (No Cement) 
A-4 UCS Versus % Spent Sorbent 8-28 Days (No Cement) 
A-S UCS Versus % Spent Sorbent at 8 Days (Cement Added) 
A-6 UCS Versus % Spent Sorbent at 14 Days (Cement Added) 
A-7 UCS Versus % Spent Sorbent at 28 Days (Cement Added) 
A-8 UCS Versus % Spent Sorbent 8-28 Days (Cement Added) 
A-9 Catalytic Effects of Spent Sorbent (Cement Added) 
A-IO Catalytic Effects of Spent Sorbent (No Cement) 
A-ll UCS Versus Curing Time Fly Ash Effects (No Cement) 
A-12 UCS Versus Curing Time Fly Ash Effects (Cement Added) 
A-13 UCS Versus Curing Time For Lead (No Cement) 
A-14 UCS Versus Curing Time for Lead (Cement Added) 
A-15 UCS Versus Curing Time for Cadmium (No Cement) 
A-16 UCS Versus Curing Time for Cadmium (Cement Added) 
A-17 UCS Versus Curing Time for Chromium (No Cement) 
A-18 UCS Versus Curing Time for Chromium (Cement Added) 
A-19 Pure Fly Ash - UCS Versus Curing Time With and without 
Metals (NO Cement Added) 
A-20 98% Fly Ash and 2% Spent Sorbent - UCS Versus Time 
With and Without Metals (No Cement Added) 
A-21 Pure Spent Sorbent - Versus Curing Time UCS With and 
Without Metals (No Cement Added) 
*UCS = Unconfined Compressive Strength 
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A-22 Pure Fly Ash - DCS With and Without Metals (Cement 
Added) 
A-23 Pure Spent Sorbent 
Added) 
- UCS With and Without Metals (Cement 
A-24 Pure Spent 
Added) 
Sorbent - Des With and Without Metals (Cement 
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Figure A-1 . Unconfined Compressive Strength vs. % Spent Sorbent at 8 Days (no cement added) . 
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Figure A-2.	 Unconfined Compressive Strength vs. % Spent Sorbent at 14 Days (no cement 
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Figure A-3. Unconfined Compressive Strength vs. % Spent Sorbent at 28 Days (no cement 
addecV.- I 
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Figure A-4. Average Unconfined Compressive Strength vs. % Spent Sorbent at 8, 14 and 28 
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Figure A-q. Unconfi~~d Compressive Strength vs. % Spent Sorbent at 8 Days (cement added). 
700 ' , 
600­
500-
I 
-"00 
a.
-(J) 
e 
400]. ~ ~ • 
I 
N 
U'1 
0 
=> 300 
0 
• 
I 
I 
2001 
0 • 
<) •0 t 
100­
o I I I I I I I I t I I 
o 20 40 60 80 100 
% Spent Sorbent 
• High <) Low 
Figure A-t.? Uncon~ir:ted Compressive Strength vs" % Spent Sorbent at 14 DaYls (cement added)" 
•• 
700 
I 
• 
•	
+600-i 
+ 
0 
0 
5oo-i • 
0 
+ 
...-.. j ~	 • 
-0 0	 0400a.
- l~en 
0	
•:::l I	 + 
N	 3001 
0"1	 iI 0 200 --d> 
100­
o I I I I I I I I I I 
o	 20 40 60 80 100 
% Spent Sorbent 
• High + Medium 0 Low 
Figure A-7. Unconfined Compressive Strength vs. % Spent Sorbent at 28 Days (cement added). 
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Table B-1. Blends.* 
Solids, 9 Water/ 
Blend SS FA CE Water, mL Solid, 
100/0/0 650 0.0 0.0 408.8 0.629 
90/10/0 600 66.7 0.0 402.0 0.603 
70/30/0 550 235.7 0.0 433.0 0.551 
50/50/0 500 500.0 0.0 499.6 0.499 
30/70/0 350 816.7 0.0 522.6 0.448 
10/90/0 100 900.0 0.0 396.2 0.396 
6/94/0 80 1253.0 0.0 514.5 0.386 
4/96/0 40 960.0 0.0 380.7 0.381 
2/98/0 20 980.0 0.0 370.2 0.370 
100/0/10 650 0.0 65.0 428.0 0.599 
90/10/10 600 66.6 66.6 422.0 0.576 
70/30/10 550 236.0 78.6 457.0 0.529 
50/50/10 500 500.0 100.0 529.0 0.481 
30/70/10 350 817.0 116.7 558.0 0.435 
10/90/10 100 900.0 100.0 426.0 0.387 
6/94/10 80 1253.0 133.0 554.0 0.378 
4/96/10 40 960.0 100.0 411.0 0.374 
2/98/10 20 980.0 100.0 406.0 0.369 
0/100/10 0 1000.0 100.0 400.0 0.364 
*SS/FA/CE 
SS = Spent Sorbent 
FA = Fly Ash 
CE = Cement 
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Table B-2. Cadmiurn Waste Blends. 
Metal 
Solids*** Solution, 
Blend SS FA CE mL Water, mL MS/TS* TW/TS** 
100/00/10 650 0 65.0 260.0 168.5 0.364 0.599 
100/00/00 650 0 0 236.6 172.2 0.364 0.629 
0/100/10 0 1000 100.0 400.2 0.0 0.364 0.364 
0/100/0 0 1000 0 364.2 6.0 0.364 0.370 
2/98/10 20 980 100.0 400.5 5.5 0.364 0.369 
2/98/0 20 980 0 363.5 12.0 0.364 0.376 
*Metal solution (rnL)/total solids (g). 
**Total water (rnL)/total solids (g). 
***SS/FA/CE 
58 = Spent Sorbent 
FA = Fly Ash 
CE = Cement 
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Table B-3. Chromium Waste Blends. 
Blend SS 
Solids*** 
FA CE 
Metal 
Solution, 
mL Water, mL MS/TS* TW/TS** 
100/00/10 650 0 65.0 260.0 168.5 0.364 0.599 
100/00/00 650 0 0 236.6 172.2 0.364 0.629 
0/100/10 a 1000 100.0 400.2 0.0 0.364 0.364 
0/100/0 0 1000 0 364.2 6.0 0.364 0.370 
2/98/10 20 980 100.0 400.5 5.5 0.364 0.369 
2/98/0 20 980 0 363.5 12.0 0.364 0.376 
*Metal solution (mL)/total solids (9). 
**Total water (mL)/total solids (9) • 
***SS/FA/CE 
SS = Spent Sorbent 
FA = Fly Ash 
CE = Cement 
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Table B-4. Lead Waste Blends. 
Blend SS 
Solids··· 
FA CE 
Metal 
Solution, 
mL Water, mL MS/TS* TW/TS** 
100/00/10 650 0 65.0 260.0 168.5 0.364 0.599 
100/00/00 650 0 0 236.6 172.2 0.364 0.629 
0/100/10 a 1000 100.0 400.2 0.0 0.364 0.364 
0/100/0 a 1000 0 364.2 6.0 0.364 0.370 
2/98/10 20 980 100.0 400.5 5.5 0.364 0.369 
2/98/0 20 980 0 363.5 12.0 0.364 0.376 
*Metal solution (roL)/total solids (g). 
**Total water (roL)/total solids (g). 
***SS/FA/CE 
SS = Spent Sorbent 
FA = Fly Ash 
CE = Cement 
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Table B-5. Strength Data (No Cement). 
Curing UCS, psi 
Blend Time, Days High Medium 
100/0/0 8 38.0(2)* 
14 35.8(1) 
28 57.2(2) 
90/10/0 8 42.6(1) 
14 37.2(3) 32.6(1) 
28 64.5(2) 55.5(1) 
70/30/0 8 23.2(3) 21.7(2) 
14 23.8(1) 
28 53.8(3) 48.1(1) 
50/50/0 8 28.2(3) 24.3(2) 
14 14.6(1) 
28 36.8(3) 
30/70/0 8 Too Weak To 
14 Too Weak To 
28 53.8(3) 
10/90/0 8 Too Weak To 
14 Too Weak To 
28 53.0(3) 
6/94/0 8 Too Weak To 
14 Too Weak To 
28 44.1(3) 
4/96/0 8 20.4(1) 
14 27.3(2) 20 .. 1(3) 
28 42 .. 4(3) 25.5(1) 
2/98/0 8 20.8(3) 19.8(1) 
14 20 .. 9(3) 17.2(2) 
28 19.8(2) 
0/100/0 8 14.9(1) 14 .. 6(2) 
14 26.1(3) 20.1(2) 
28 31.1(3) 24 .. 3(2) 
*Samp1e breaking sequence. 
Low Avg. 
34.0(1) 36.0 
35.8 
50.4(3) 53.8 
39.6(2) 41.1 
30.6(2) 35.5 
54.9(3) 58.3 
20.8(1) 21.9 
20.9(2) 22.4 
36.8(2) 46.2 
18.8(1) 23.8 
8.2(2) 11.4 
31.1(2) 34.0 
Test 
Test 
38.5(2) 46.1 
Test 
Test 
56.0 
Test 
Test 
44.1 
19.2(2) 19.8 
19.2(1) 22.2 
17.0(2) 28 .. 3 
19.2(2) 19.9 
14 .. 4(1) 17.5 
15 .. 8(8) 17.8 
14.1(3) 14.5 
15.8(1) 20.7 
23.8(1) 26.4 
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Table B-6. Strength Data (With Cement*). 
Curing DeS, psi
 
Blend Time, Days High Medium Low Avg.
 
100/0/10 8
 
14
 
28
 
90/10/10 8
 
14
 
28
 
70/30/10 8
 
14
 
28
 
50/50/10 8
 
14
 
28
 
30/70/10 8
 
14
 
28
 
10/90/10 8
 
14
 
28
 
6/94/10 8
 
14
 
28
 
4/96/10 8
 
14
 
28
 
2/98/10 8
 
14
 
28
 
0/100/10 8
 
14
 
28
 
142.6(1)** 
220.7(2) 
255.8(3) 
175.4(3) 
220.7(2) 
305.6(2) 
118.8(2,3) 
247.2(2) 
481.0(2) 
135.8(1) 
298.8(1) 
645.2(1) 
148.8(2) 
381.6(2) 
588.5(3) 
162.4(1) 
366.7(2) 
509.3(3) 
165.2(1) 
410.8(2) 
531.9(1) 
158.4(1) 
440.9(2) 
520.6(1) 
171.S(1) 
327.3(1) 
362.2(2) 
153.4(1) 
217.3(2) 
441.4(3) 
243.3(2) 
172.6(2) 
288.6(1) 
441.4(3) 
611.2(3) 
135.8(1) 
565.9(1) 
159.6(2) 
430.1(2) 
249.0(2) 
196.2(1) 
215.0(1) 
169.8(1) 
205.8(1) 
243.3(3) 
117.1(1) 
214.5(1) 
407.4(1) 
122.8(2) 
249.2(2) 
514.9(2) 
125.6(3) 
314.4(1) 
531.9(2) 
151.1(3) 
356.5(1) 
475.3(1) 
160.7(2) 
394.5(1) 
407.4(3) 
431.2(1) 
418.8(3) 
169.8(2) 
350.8(2,3) 
138.6(2) 
179.3(1) 
203.7(1) 
142.6 
208.5 
238.8 
172.6 
213.2 ­
279.2 
118.2 
260.1 
443.3 
129.3 
274.0 
590.4 
136.7 
348.0 
562.1 
157.7 
361.6 
448.9 
162.9 
402.7 
469.6 
158.4 
435.6 
456.5 
170.6 
327.3 
354.6 
146.0 ­
198.3 
297.9 
*10 g cement/l00 g (fly ash + spent sorbent). 
**Sample breaking sequence. 
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Table B-7. 
Sorbent on 
with Cement 
Increase) 
Blend 
2/98/10 
4/96/10 
6/94/10 
10/90/10 
Effect of Spent 
the UCS of Fly Ash 
(Percent 
Curing Time, Days 
8 14 28 
16.8 65.0 19.0 
8.5 120.0 53.2 
11.6 103.0 57.6 
8.0 82.3 50.7 
-53­
I'able B-8. Metals Strength Data. 
Curing UCS, psi 
Metal Sample Time, Days High Medium Low Avg. 
Cr 
Cr 
Cr 
Cr 
Cr 
Cr 
0/100/0 
2/98/0 
100/0/0 
0/100/10 
2/98/10 
100/0/10 
7 
7 
7 
7 
7 
7 
39.9(1)* 
53.3(1) 
60.1(3) 
373.5(2) 
253.5(2) 
187.9(1) 
34.4(3) 
41.3(3) 
54.3(1) 
345.2(1) 
244.5{3) 
185.0(3) 
25.2(2) 
35.1(2) 
50.4(2) 
282.9(3) 
243.3(1) 
168.6(2) 
33.2 
43.2 
54.9 
333.9 
247.1 
180.5 
Cr 
Cr 
Cr 
Cr 
Cr 
0/100/0 
2/98/0 
100/0/0 
0/100/10 
2/98/10 
14 
14 
14 
14 
14 
53.8(1,3) 
67.9(2) 
52.3(3) 
639.4(2) 
565.9(2) 
49.5(1} 
628.1(3) 
554.6(1) 
49.5(2) 
63.7(1) 
35.4(2) 
554.6(1) 
537.6(3) 
52.4 
65.8 
45.7 
607.4 
552.7 
Cr 100/0/10 14 198.0(1) 192.2(2,3) 19-4. 3 
Cr 0/100/0 28 63.8(1) 57.0(3) 55.7(2) 58.8 
Cr 
Cr 
2/98/0 
100/0/0 
28 
28 
92.4(2) 91.0(3) 80.1(1) 87.8 
Cr 0/100/10 28 679.0(3) 656.4(1) 667.7 
Cr 2/98/10 28 994.1(3) 769.6(1) 758.3(2) 807.3 
Cr 100/0/10 28 283.0(3) 249.0(1) 226.4(2) 252.8 
Cd 0/100/0 7 56.6(2) 44.4(3) 31.4(1) 44.1 
Cd 2/98/0 7 26.6(2) 25.5(1) 24.3(3) 25.5 
Cd 100/0/0 7 58.8(2) 50.9(3) 48.1(1) 52.6 
Cd 0/100/10 7 243.3(2) 237.7(3) 223.5(1) 234.6 
Cd 2/98/10 7 316.9(3) 253.5(1) 243.3(2) 271.2 
Cd 100/0/10 7 169.8(2) 136.9(3) 130.2(1) 145.6 
Cd 0/100/0 14 94.1(3) 82.0(2) 36.8(1) 71.0 
Cd 2/98/0 14 81.3(2) 81.3(2} 77.8(3} 72.8 
Cd 100/0/0 14 54.0(1) 53.8(2,3) 53.9 
Cd 0/100/10 14 418.8(1) 387.6(3) 240.5(2) 349.0 
Cd 2/98/10 14 701.7(3) 565.9(1) 633.8 
Cd 100/0/10 14 232.0(2) 203.7(1) 158.4(3) 182.9 
Cd 0/100/0 28 120.2(2) 106.1(3) 113.2 
Cd 2/98/0 28 63.7(1) 56.6(3) 53.8(2) 58.0 
Cd 100/0/0 28 67.9(3) 60.8(1) 59.5(2) 59.4 
Cd 0/100/10 28 543.2(3) 509.3(2) 498.0(1) 516.8 
Cd 2/98/10 28 1063.9(2) 962.0(3) 1012.9 
Cd 100/0/10 28 282.9(3) 271.6(1) 260.3(2) 271.6 
Pb 0/100/0 7 61.1(3) 54.9(1) 48.1(2) 54.7 
Pb 2/98/0 7 39.6(3) 39.0(1) 32.8(2) 37.1 
Pb 100/0/0 7 18.1(1) 17.0(3) 16.4(2) 17.2 
Pb 0/100/10 7 277.3(2) 237.7(3) 257.5 
Pb 2/98/10 7 294.2(3) 249.0(1) 232.0(2) 25-8.4 
Pb 100.010 7 169.8(2) 158.4(1,3) 162.2 
Pb 0/100/0 14 67.9(2,3) 66.7(1) 67.5 
Pb 2/98/0 14 91.9(2) 76.4(1,3) 81.6 
Pb 100/0/10 14 29.4(2) 27.2(1) 21.5(3) 26.0 
Pb 0/100/10 14 401.8(2} 345.2(3} 339.5(1) 362.2 
Pb 2/98/10 14 650.8(1} 611.2(3) 631.0 
Pb 100/0/10 14 226.4(3) 198.0(1} 181.1(2) 201.8 
*Sample breaking sequence. 
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Table B-9. Effect of Spent 
Sorbent (2/98/10) and Metals 
on the UCS of Fly Ash 
(0/100/10) with Cement 
(Percent Increase). 
Curing Time, Days 
Metal 7 14 28 
No Metals 16.8 65.0 19.0 
Cd 15.5 81.6 96.0 
Cr 20.9 
Pb 0.3 74.2 
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Table B-IO. Difference in 
strength Between 0/100/10 with 
Heavy Metals Solution and 
without (psi). 
Curing Time, Days
 
Metal 7 14 28
 
Cr +187.9 +409.1 +369.8 
Cd +88.8 +150.7 +218.9 
Pb +111.7 +163.9 
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Table B-ll. Difference in 
strength Between 2/98/10 with 
Heavy Metals Solution and 
without (psi). 
Curing Time, Days 
Metal 7 14 28 
Cr +76.5 +225.4 +452.7 
Cd +100.6 +306.5 +658.3 
Pb +87.8 +303.7 
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Table B-12. Leachate 
Blend GMS Leached 
0/100/0 52.3557 
2/98/0 52.2543 
100/0/0 62.0401 
0/100/10 52.4743 
2/98/10 52.4910 
100/0/10 61.7896 
Blend GMS Leached 
0/100/0 37.9788 
2/98/0 38.0937 
100/0/0 37.8770 
0/100/10 38.0345 
2/98/10 38.0029 
100/0/10 38.0225 
Blend GMS Leached 
0/100/0 38.0501 
2/98/0 38.0248 
100/0/0 38.0171 
0/100/10 38.066 
2/98/10 38.0143 
100/0/10 38.0369 
Data for Lead 
Unfixed 
Total Acetic
 
Acid, mL
 
0.4 
0.4 
0.9 
2.9 
1.6 
3.4 
7 Day
 
Total Acetic
 
Acid, mL
 
0.0 
1.0 
0.5 
0.2 
1.2 
3.0 
14 Day
 
Total '\cetic
 
Acid, mL
 
0.0 
0.0 
1.0 
0.5 
0.0 
3.0 
Detection 
Limit, ppm 
2.90 
2.70 
2.82 
2.72 
2.75 
2.72 
Cone. , 
NO 
NO 
NO 
ND 
ND 
NO 
ppm 
Detection 
Limit, ppm 
2.34 
1.20 
2.45 
2.30 
2.20 
2.56 
Cone. , 
NO 
ND 
NO 
NO 
NO 
NO 
ppm 
Detection 
Limit, ppm 
2.41 
2.65 
2.57 
2.15 
2.30 
2.52 
Conc. , 
NO 
NO 
NO 
NO 
NO 
ND 
ppm 
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Table B-13. Leachate 
Blend GMS Leached 
0/100/0 52.0047 
2/98/0 52.3424 
100/0/0 61.8441 
0/100/10 51.8511 
2/98/10 52.0155 
100/0/10 60.8116 
Blend GMS Leached 
0/100/0 38.0922 
2/98/0 38.0033 
100/0/0 37.7577 
0/100/10 38.0815 
2/98/10 38.1074 
100/0/10 38.1874 
Blend GMS Leached 
0/100/0 38.0454 
2/98/0 38.1028 
100/0/0 37.9823 
0/100/10 38.0686 
2/98/10 38.0583 
100/0/10 38.0273 
Data for Cadmium
 
Unfixed
 
Total Acetic
 
Acid, mL
 
0.75 
0.75 
4.5 
2.75 
2.5 
4.75 
7 Oay 
Total Acetic
 
Acid, mL
 
0.5 
0.5 
1.0 
1.5 
1.5 
1.0 
14 Day 
Total Acetic
 
Acid, mL
 
0.0 
0.0 
1.0 
0.5 
0.5 
2.5 
Detection 
Limit, ppm Cone. , ppm 
0.220 
0.219 
0.216 
0.218 
0.220 
0.220 
NO 
NO 
1.22 
NO 
0.270 
NO 
Detection 
Limit, ppm Cone. , ppm 
0.223 
0.223 
0.222 
0.225 
0.227 
0.223 
NO 
NO 
NO 
NO 
NO 
NO 
Detection 
Limit, ppm Cone. , ppm 
0.224 
0.226 
0.228 
0.234 
0.235 
0.229 
NO 
ND 
NO 
ND 
NO 
ND 
-59­
Table B-14. Leachate Data for Chromium 
Blend GMS Leached 
0/100/0 52.1995 
2/98/0 52.3503 
100/0/0 61.9130 
0/100/10 51.8608 
2/98/10 52.1206 
100/0/10 60.8572 
Blend GMS Leached 
0/100/0 37.9601 
2/98/0 38.0999 
100/0/0 38.1721 
0/100/10 37.9812 
2/98/10 38.0672 
100/0/10 37.9476 
Blend GMS Leached 
0/100/0 37.7059 
2/98/0 38.2469 
100/0/0 37.7502 
0/100/10 38.1649 
2/98/10 38.2543 
100/0/10 38.1185 
Unfixed 
Total Acetic
 
Acid, mL
 
0.7 
1.2 
1.4 
2.2 
1.65 
2.15 
7 Day
 
Total Acetic
 
Acid, mL
 
1.0 
2.0 
3.4 
2.9 
3.4 
3.2 
14 Day
 
Total Acetic
 
Acid, mL
 
0.0 
0.5 
1.7 
0.5 
0.5 
2.0 
Detection 
Limit, ppm Cone. , ppm 
2.52 
2.52 
2.63 
2.42 
2.48 
2.61 
ND 
ND 
ND 
ND 
ND 
NO 
Detection 
Limit, ppm Cone. , ppm 
2.28 
2.76 
2.70 
2.46 
2.77 
2.41 
7.68 
10.9 
10.2 
ND 
NO 
ND 
Detection 
Limit, ppm Cone. , ppm 
2.23 
2.30 
2.07 
2.36 
2.52 
2.77 
NO 
NO 
NO 
NO 
NO 
NO 
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APPENDIX C
 
LEACHING, FILTERING, AND AAS ANALYSIS
 
PROCEDURES AND DEVELOPMENT OF METHODS
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A. Development of 
Leaching Procedure 
Survey of literature methods: 
1. From W. D. James, M. Janghorbani, and T. Baxter. 1977. 
"Sernirnicrocolurnn Extraction." Anal. Chern., 49, 1994-97. 
Advantages 
a. Realistic--simulates leaching into groundwater. 
b. Filtration not required--thus less loss of Hg likely. 
c. Leachates are continuously collected and can be immedi­
ately acidified. 
Disadvantages 
a. Packing homogeneity very difficult to achieve. 
b. pH regulation difficult--high ionic strength of buffer 
solutions could lead to ion-exchange enhancement. From Cahill 
and Newland,l982. Int. J. Env. Anal. Chern., 11, 227-39. 
c. Particle size effects very severe--difficult to assure 
homogeneity of total surface area and elution rate. 
d. More expensive than established procedure for reasonable 
production of leachates (at least 240 rnL of each leachate for 
eight-metal analysis, or at least 80 mL of each leachate for 
analysis of one metal). 
e. Undried samples are essentially impermeable to gravity­
fed liquids--particle size too fine. 
2. Permeability cell (high pressure permeability). 
Advantages 
a. Technique produces realistic, worst-case data. 
b. No filtration required. 
c. Continuous collection and acidification of leachates 
possible. 
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Disadvantages 
a. Insufficiently many cells to accommodate sample load. 
b. Leachate volume and sample size too small to ensure 
accuracy, sensitivity, and precision. 
c. pH control is difficult or impossible. 
d. Particle size inhomogeneity within and between runs com­
promises the precision of the test. 
e. Packing inhomogeneity compromises precision. 
3. From Federal Register (EPA), 1980. 45 (98): 33127-28--(batch 
extraction). 
Advantages 
a. Very inexpensive. 
b. pH control possible through either continuous, automatic 
adjustment, or frequent discrete corrections. 
c. Par~icle size homogeneity promoted through continuous 
agitation. 
d. Allows improved contact between leaching solution and 
low permeability solids. 
Disadvantages 
a. Less representative of environmental conditions than 
other methods listed. 
b. Final filtration required, in which volatile metals can 
be lost due to vaporization of themselves or their organometallic 
compounds, and in which nonvolatile elements can be lost by 
adsorption. 
c. Final acidification possible only after collection of 
leachate is complete. 
Evaluation 
Cahill and Newland report considerable dependence of 
leachability for several heavy metals from coal fly ash on the 
acidity of the leaching solution. Addition of the highly 
alkaline sorbent is expected to result in a drift of pH of the 
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extracting solution upward over the course of the leaching 
procedure (and not simply at the onset of the leaching cycle) is 
necessary to reduce the number of uncontrollable sample 
variables. Further, the physical nature of the cured sorbent-fly 
ash blends tends to preclude reproducible packing in conventional 
extraction columns. For these reason, Procedure No. 3 was 
selected for all experiments. 
As drying the samples was expected to adversely affect the 
test's significance to realistic leaching conditions, 
leachability analysis samples were processed undried. For 
subsequent X-ray diffraction structure analysis of the blends 
(which must be performed on a desiccated sample), small amounts 
of the wet blend to be analyzed can be secured and quickly dried 
at the time of leaching for this procedure. To allow for proper 
quantitation on a dry-weight basis, the X-ray diffraction 
"aliquot" should be weighed accurately before and after drying. 
This protocol ensures that the X-ray diffraction samples will 
exhibit the structural characteristics of the sample undergoing 
leachability analysis, free from inconsistencies due to 
differences in cure time. 
An experimental difficulty encountered in the leachability 
testing of the sorbent-fly ash blends arises from the fact that, 
with time, these blends lose volatile metals moisture and undergo 
curing. As a result, the analyst must either begin extraction of 
the samples immediately upon receipt, refrigerate the samples, or 
provide a uniform delay between receipt and processing for all 
samples (whether they are in the same batch or in different 
batches extracted at different times). In the developmental 
stages of this project, the latter method was employed, with 
refrigeration at OOC between the completion of the leaching cycle 
and the beginning of filtration. This step was taken primarily 
to ensure the prevention of losses of Hg from leachate solutions 
prior to analysis; refrigeration of the moist samples prior to 
leaching is considered unnecessary as Hg losses from solids in 
which the element is thoroughly entrained were expected to be 
minor. Nevertheless, due to absorption on container walls, long­
term storage of the moist solids prior to analysis is not recom-~ 
mended; therefore, the best procedure entails the immediate 
leaching of the moist blends followed by refrigeration, if neces­
sary due to delays, and final filtration. 
For convenience, an extractor volume of 1000 mL was chosen, 
with an ideal sample volume (extraction solution + suspended 
solids) of 600 mL chosen by visual observation of shaking 
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efficiency at 180 rpm on a New Brunswick G-IO gyrotory shaker. 
Accordingly, the ideal sample size for the blends and all other 
solids to be tested for leachability was adjusted to 38 g. 
Although the typical solid to be tested exhibits a high moisture 
content, it was judged impractical to separate the solid from its 
absorbed liquid prior to leaching. 
To improve extractant-solid contact and thereby encourage 
worst-case leachability results, the moist blends were finely 
ground by placing each 100 g sample in its entirety in a large 
mortar and grinding with a hand pestle vigorously for five 
minutes. The samples should be weighed immediately after 
grinding, taking them one at a time to ensure uniform exposure to 
the atmosphere. Each 38 g aliquot is quantitatively transferred 
to its extractor bottle, and the samples are suspended as per the 
official procedure. At this point, excess solid may be stored in 
all-glass amber bottles refrigerated at OOC if desired. 
The adjustment of leachate pH described in the official 
procedure was carried out with only minor modifications. In the 
absence of either an automatic pH regulator or pH meter, 
semiquantitative pH test paper was used for the adjustment to 
approximately pH 5.0. While the high proportion of suspended 
alkaline solids in the leachates (following a uniform five 
minutes settling time) made use of the pH paper difficult, 
measurements were possible by reading the periphery of each color 
spot. To prevent large inconsistencies in total volume, which 
might adversely affect the accuracy of the analysis, acetic acid 
was added as the 100% liquid. As the leachates resulting from 
this procedure were intended for subsequent silver analysis, each 
leachate extraction bottle was covered with aluminum foil just 
after the initial suspension of its contained solid. To ensure a 
uniform total leaching time for all samples, the 24-hour 
experimental duration was construed to include all intervals in 
which the samples were shaken, including the intervals during the 
pH adjustment stage. Finally, to prevent exceeding the 1000 mL 
ultimate dilution volume for each leachate, no distilled water 
was added to any of the leachates after the completion of their 
extraction. 
Following the 24-hour extraction period, the suspended 
solids in each extractor were allowed to settle, and the final pH 
was measured. In all experiments, performed on pure fly ash, 
pure sorbent, cured blends, and a variety of electroplating 
industry sludges, the final pH was observed to be no greater than 
5.5. Accordingly, no further pH adjustments were made to the 
leachates prior to filtration. 
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Table C-l.
 
Typical pH Adjustment Results for Developmental Samples
 
Cure Time (d ) 
pH After Initial 
Suspension mL HOAc Added 
Sorbent 0 
7 
14 
>10 
10 
9 
5.5 
4.3 
1.5 
Fly Ash 0 
14 
21 
8 
4.3 
3.7 
0.6 
0.0 
0.0 
(Acceptable pH <=5.5; as judged by reading from pH 3.0-5.5 
paper. ) 
Improvements 
1. All-glass extraction bottle to inhibit losses of Hg and the 
volatile compounds of As and See 
2. Particle-size homogenization by forcing solids through a fine 
plastic mesh between weighing and leaching. 
3. Centrifugation of small (ca. 1 mL) samples of leachates for 
the pH testing steps of the procedure--this will allow more accu­
rate measurement of pH. 
4. Replacement of the porcelain mortar and pestle with compar­
able glass or agate apparatus. Such apparatus is less porous and 
is thus less likely to collect metals by absorption. 
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Leaching Procedure 
Final recommended leaching procedure. (To be followed in 
the quickest possible succession.) 
1. Grind 100 g sample in porcelain mortar and pestle vigorously 
for five minutes. 
2. Transfer approximately 38 g of sample, accurately weighed, to 
leachate bottle, using nonmetallic apparatus only--do this 
rapidly; samples may dry out appreciably during the course of ca~ 
one hour. A small amount of distilled water may be used to help 
transfer the sample to its extractor. Remove from the remaining 
ground solid a small sample to be weighed, dried, the reweighed 
for X-ray diffraction analysis, if desired. Place unused ground 
sample in amber all-glass bettIe and refrigerate, if later analy­
sis is anticipated. (Repeat Steps land 2 sequentially for each 
sample in the batch.) 
3. Add 600 mL of distilled water to each of the extraction 
bottles using a graduated cylinder. Cap each bottle with a No.6 
1/2 rubber stopper and cover bottle with aluminum foil to block 
out light. Shake each bottle for several seconds, and allow 
solids to settle for five minutes. 
4. Carefully remove stopper and remove sample of supernatant 
liquid from each bottle using a disposable pasteur pipet. Touch 
pipet to pH paper, and read the periphery of the resulting color 
spot on the back of the paper. 
5. Add concentrated HOAc as needed to acidify to <= ph 5.5. 
Shake stoppered bottles, allow to settle, and retest pH as in 
Steps 3 and 4. Add more acetic acid to bring pH to <= 5.5 if 
necessary, and repeat pH test and adjustment to satisfy this 
limit. 
6. Stopper and place side down in gyrotory shaker. Shake at 
180 rpm for 15 minutes. Remove and allow to settle for five 
minutes. Perform pH test: if pH <= 5.5, go to Step 7. Other- ­
wise, add acid, shake briefly, retest, and repeat adjustments 
until the pH is in the acceptable range. In this latter case, 
repeat this step. 
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7. Repeat as in step 6, but allow 30 minutes of shaking time. 
If pH <= 5.5, go to Step 8. Otherwise, adjust to <= 5.5 and 
repeat this step. 
8. Repeat as in Step 7, but allow one hour shaking time. If pH 
<= 5.5, go to Step 9. Otherwise, adjust to <= 5.5 and repeat 
this step. 
9. Shake continuously for sufficient time to allow 24 hours 
total shaking time. 
10. Stop shaking, measure final pH after settling. Either filter 
immediately, or refrigerate at ooC, thaw, and then filter. 
B. Development of Filtration Procedure 
Evaluation 
Alternative separation methods rejected: 
•	 Centrifugation--no available centrifuqe could process 
samples of such large volume . 
•	 Settling and decantation--far too slow, separation 
inefficient. 
Filtration 
1. Pressure filtration is recommended in Federal Register (EPA), 
45, (98), 33127-8, but this technique requires special, expensive 
apparatus. Nevertheless, the method is likely to allow better 
recovery of Hg and the volatile compounds of As and Se than would 
gravity or vacuum filtration techniques. 
2. To prevent clogging of tne nebulizer, the leachates must be 
filtered through a filter of 0.45 ~m maximum porosity. The large 
sample volume and fine particle size necessitate one of the fol­
lowing approaches: 
a. A single, large diameter filter membrane of 0.45 ~m 
porosity is used. Filtration would be very slow, and the 
required filter membranes were not immediately available. 
b. Many smaller micron filters could be used sequentially, 
but contamination, absorption losses, and slow filtration speed ­
would be potential problems. 
-68­
c. A coarse prefilter could be used in conjunction with a 
final micron filter. This would improve filtration speed, but 
would increase total wetted surface area and thus could result in 
absorption losses greater than those in Item a. 
AS filtration speed is critical both for the prevention of 
Hg losses from the unacidified (ca. pH 5) leachate solutions and 
to satisfy the project's logistic requirements, technique (c) was 
chosen. 
The required prefilter could be incorporated in two ways: 
a. The entire leachate could be filtered through the pre­
filter, and the resulting filtrate passed through the micron 
filter. This process requires an intermediate storage container, 
an intermediate quantitative transfer, and enhanced contact of 
the unacidified leachate with the atmosphere, to which the vola­
tile compounds can be lost. 
b. A cascade design could be used, in which the two filter 
units are connected in series. This arrangement allows for imme­
diate collection of filtered leachate in a highly acidic and 
oxidizing matrix, with minimum contact to the atmosphere. 
Consequently, to ensure the best possible accuracy and precision 
for the test, prefilter arrangement (b) was chosen. This design 
was first tested with direct vacuum connection only below the 
final micron filter. The following technical problems were 
observed: 
a. The seal between stages, held tight under moderate 
vacuum, would loosen as the pressure drop across the micron 
filter increased with clogging. 
b. The pressure drop across the coarse filter was often 
insufficient to hold that filter down to its funnel, and this 
often resulted in the flooding of the micron filter with unfil­
tered leachate. 
In an effort to correct these deficiencies, a pressure­
equalizing sidearm was introduced. When a plain, unobstructed 
tube was connected between the bottom of the prefilter and the 
bottom of the micron filter, leachate not passed through the 
micron filter was drawn into the collection flask. To inhibit 
this, a 0.40-0.60 ~m glass fritted cylinder was introduced to the 
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line just below the interface between the filter stages. With 
this arrangement, depicted in the final recommendation procedure, 
the leachates could be filtered efficiently and dependably. 
The leachate, having passed through both coarse and micron 
filters, is collected in an aluminum-foil covered flask 
containing 25 mL of concentrated (71%) RN03 to prevent losses of 
metals due to volatilization, absorption, or reduction. 
Several possible Hg preservation methods were examined. Of 
these, the most promising were: 
a. Storage in NB03 - K2Cr207 matrix--Anal. Chern., 46, 99 (1974). Cannot add preservative to the main body of the 
leachate, which must be analyzed for Cr. 
b. Storage in HN03-KMn0 4 matrix--e.g., Anal. Chern. 47, (4), 
719 (1975). Permanganate solutions are light-sensitive and 
otherwise unstable. 
c. Storage in K2S20S • 
Potassium presulfate solutions are unstable upon storage. 
Since long-term storage prior to the perfection of the Hg cold­
vapor AAS analysis was anticipated, method (a) was chosen for the 
Hg sample preservation. For the application of the method, 
samples of approximately 100 mL were segregated from each of the 
leachates, to which K2Cr207 was added to achieve a final 
concentration of 0.01% cr2072-
Improvements 
Mercury vapor and volatile organometallic compounds of 
arsenic and selenium can be lost through the vacuum line, though 
the leachate is collected in an environment that would tend to 
convert agO to Hg 2+. Accordingly, some sort of auxiliary 
collection system might be helpful between the collection flask 
and the vacuum pump. Alternatively, a more reactive oxidizing 
solution could be employed to collect the leachate. Examples of 
these adaptions are: 
a. Collection of volatiles on a packed column--for instance, 
an activated charcoal column could absorb the Hg vapor not 
absorbed and oxidized in the collection solution. After filtra­
tion is completed, the column could be eluted with an oxidant/ 
acid solution (e.g., K2Cr207 + NH03 ), purged on high temperature 
with dry nitrogen or argon lnto an oxidant/acid trap, or 
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combusted in pure oxygen in a closed flask with subsequent 
cooling and dissolution of the combustion gases in an appropriate 
washing solution. Note, however, that the presence of any such 
mercury vapor trap in the vacuum train will result in a pressure 
drop and will slow down the filtration process. 
b. Use of persulfate or permanganate solutions with HN03 or 
H2 02/HN03 mixtures for the collection of leachates. Note that 
each of these solutions is ultimately unstable unless stored at 
low temperature in the dark. In any case, if Hg and the volatile 
compounds of arsenic and selenium are trapped in any given volume 
of solution, these substances can be regarded as adequately 
oxidized, so no further addition of oxidizing agents (other than 
HN03 ) is needed to achieve quantitative transfer prior to dilu­
tion to volume. 
Final Recommended Filtration 
Procedure 
1. Place lower filter stage on waste flask. Turn on vacuum. 
Place 0.45 ~m filter in funnel. Wash with 1 M HN03 twice, then 
distilled water twice. Put aside. 
2. Repeat above for an upper filter stage, using a 9 cm No. 4 
Whatman paper filter circle. 
3. Pipet 25 mL of concentrated HN03 to a clean filter flask. 
4. Assemble apparatus in the following order: 
1. Lower Filter Stage 
2. Upper Filter Stage 
3. Polypropylene T Joint 
4. One-Holed Stopper 
5. Filter Tube 
6.	 Pressure-Equalizing 
Vacuum Line 
7. No. 12 Two-Holed Rubber 
8. Support Ring 
9. Filter Flask 
Aperture of upper filter stem should face away from tip of 
filter tube. 
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a. Tee and lower stopper--remove one-holed stopper to fit 
filter flask from the lower filter assembly. 
b. Lower filter stage--be careful to keep membrane centered 
over suction holes; leave no holes uncovered. 
c. Insert filter tube through side hole of No. 12 stopper. 
Place stopper in lower filter. 
d. Insert lower part of coarse filter first through center 
hole of No. 12 stopper. Avoid breaking off sidearm of filter 
tube. Angle aperture of funnel stem away from the filter tube 
frit. 
e. Make sure upper filter bowl is sealed onto its stem and 
coarse filter paper is in place over all holes in the upper 
Buchner funnel. 
f. Attach heavy Tygon (TM) vacuum line between side filter 
tube and sidearm of polypropylene tee. Be careful not to loosen 
seals between funnel stems and bowls. 
g. Connect vacuum pump to filter flask and turn on pump. 
System should seal itself automatically. If not, wet coarse 
filter to improve vacuum seal. 
Note: If more than one leachate is to be filtered, run as 
many filtrations simultaneously as possible. All other leachates 
that cannot be immediately filtered should be refrigerated until 
shortly before facilities become available, at which time these 
leachates should be thawed and filtered. Leachates will gener­
ally filter at different rates, so it is most efficient to clean 
and reuse filtration units as they complete their respective fil­
trations, rather than waiting for all available units to finish 
their runs before recharging with HN03 , new filter paper, etc. 
As a result, after the first batch of filtrations, units will 
become available for reuse one at a time, and leachates stored 
for filtration will have to be thawed out no more than a few at a 
time. The important principle is that no leachate suspension 
should be allowed to stand'at room temperature for any length of~ 
time without filtration. 
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5. Pour about 30 mL of the leachate to be filtered into the top 
bowl of the unit and observe filtration. The final filtrate 
entering the collection flask should be clear. If this is so, 
cover the flask with aluminum foil, pour in leachate to within 
ca. 5 rom of the top of the bowl, and allow to filter. Otherwise, 
stop filtration immediately. Pour leachate in bowl back into the 
extraction bottle, and examine the coarse filter; it should cover 
all suction holes, and it should be free of any edge creases--if 
filter does not meet these specifications, replace with a new 
acid washed filter circle. If coarse filter is acceptable, care­
fully remove No. 12 stopper from lower filter, being ready to 
collect any spillover into the extraction bottle or an appropri­
ate clean container with analogous quantitative transfer to 
filtration unit. Next, pour out any liquid in bowl into the 
extraction bottle. Inspect micron filter as above, and replace 
if necessary with an acid-washed membrane. To restart filtra­
tion, repeat appropriate Steps I through 4. 
Note: In any maintenance of the filtration unit, remember 
to never shut off vacuum to either unit entirely or upper stage 
in particular if there is liquid left in the upper bowl. 
Similarly, do not shut off vacuum to lower stage either by 
turning off pump or by opening sidearm of tee to atmosphere if 
there is any liquid in the lower filter bowl. In either case the 
filter disc can come loose from its bowl and unfiltered liquid 
can contaminate lower sections of the unit. In the event that 
shutting off vacuum in these situations is unavoidable, allow 
liquid from filter stage(s) not under vacuum to drip back into 
the extraction bottle. 
In some cases, it will be desirable to change the filters to 
increase filtration speed. Each replacement filter should be 
acid-washed as in Steps 1 and 2 and should be inserted only when 
all liquid in the top and bottom filter bowls is drained off by 
filtration or decanting into the extraction bottle. 
6. Pour leachate into bowl to maintain maximum safe fill level. 
As filtration nears completion, transfer last traces from extrac­
tion bottle to funnel using small amounts of distilled water. 
7. When filtration of a leachate suspension is complete, wash 
filter cake with small amounts of distilled water twice, with 
filtration of the washings. Be sure not to exceed 1000 mL total 
volume per leachate. 
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8. Remove enough of the aluminum foil to observe drops of fil­
trate descending from the bottom of the polyethylene tee. Wait 
until all drops have stopped, then turn off vacuum pump (or 
engage vacuum line shut off clamp). Carefully remove top filter 
bowl, and wash lower surface into lower filter bowl, using a 
small amount of distilled water. Remove No. 12 stopper carefully 
and wash its lower surface into lower filter bowl. Disconnect 
pressure equalizing into lower filter bowl. Disconnect pressure 
equalizing tube at top. Rinse inside of tube with a few milli­
liters of distilled water ~nd turn on vacuum to suck the washings 
into the collection flask. Shut off vacuum. Disconnect pressu~ 
equalizing tube at the tee sidearm, and remove this tube from the 
apparatus for cleaning. Close tee sidearm with small rubber 
stopper. Turn on vacuum at source, and open all clamps. Once 
all liquid has drained through, wash filter cake on micron filter 
with distilled water, allow to drain, and then shut off vacuum. 
Remove lower stage, and set filter flask aside. 
9. Carefully pour the filtrate into a 100 mL volumetric flask. 
Wash down the walls of the filter flask with 10 mL of concen­
trated HN03 , then with a small quantity of distilled water. 
Swirl solution in the filter flask, and pour contents into the 
1000 mL volumetric flask. Dilute to volume with distilled water. 
10. Pour ca. 100 mL from the volumetric flask into an all-glass 
125 mL labeled bottle. Add to this bottle 1.0 mL of 1% 
Na2 Cr2 07 and mix solution. Pour remaining diluted leachate 
into an amber 1000 mL polyethylene bottle and seal tightly. 
Troubleshooting Instructions 
Problem Solution 
Failure of vacuum due to leaks, Decant contents of both 
source failure, etc. filter bowls into extrac­
tion bottle immediately. 
Flooding and overflow from seal Grease seal, replace micron 
between stages. filter, or clean or replace 
suction tube. 
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Failure of seal between 
paper and upper filter. 
coarse Replace upper filter circle 
as described above. If 
only a few milliliters of 
liquid remain in the upper 
bowl, allow to filter 
through. Otherwise, decant 
into extraction bottle. 
Failure of seal between micron 
filter and lower filter seat. 
Stop filtration immediately 
and decant off liquid into 
extraction bottle. Change 
micron filter as above. 
Failure of both 
filters. 
coarse and fine Replace both filters as 
above rapidly stopping 
filtration and decanting 
off solution. 
Leachate not clear. If only moderately turbid, 
filter through separate 
micron filter. Otherwise, 
filter, through coarse, 
then fine filter sepa­
rately, or repeat leach­
ing and filtration with a 
replicate sample. 
Filtration too slow. Replace micron filter andl 
or coarse filter, and/or 
replace fritted filter tube 
as above. 
To replace filter tube, either decant off liquid in both bowls, 
or decant off suspension from top bowl and close off line to 
sidearm tee using a clamp on the pressure equalizing tube or a 
stopper directly in the tee. In the former case only, shut off 
vacuum. Replace tube. In the latter case, if the clamp was 
used, reassemble apparatus, then remove clamp. If the stopper 
was used, quickly remove stopper, reconnect Tygon (TM) tube, and­
seal apparatus. In the former case, reassemble apparatus, making 
sure that each filter is properly centered and sealed, before 
turning on the vacuum to that stage. 
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C.	 Development of Leachate 
Analysis Technique 
General Remarks: Flame atomic absorption spectroscopy 
(FAAS) was chosen as the ultimate analytical technique for Cd, 
Pb, Ag, Ba, and Cr in the absence of instrumentation available 
for electrothermal atomization AAS, rcp (Inductively Coupled 
Plasma Atomization) emission spectroscopy, X-ray fluorescence 
spectroscopy, or other applicable metals analysis techniques. 
The use of atomic absorption spectroscopy is also in keeping with 
guidelines specified in USPEA's Test Methods for Evaluating Solid 
wastel3 and has been thoroughly validated in the analysis of a 
wide variety of environmentally significant metals in many 
natural and synthetic matrices. 
1.	 Storage of Leachates 
The leachates that result from the procedures of Sections A and B 
possess a HN03 concentration of at least 0.56 M (2.5% w/v) and 
accordingly have pH <= 0.5, satisfying the storage requirements 
of USEPA Methods 7080 (8a), 7760 (Ag), 7420 (Pb), 7190 (Cr), and 
7130 (Cd) reported in the previously mentioned compendium of 
official analytical procedures. Under the assumption that vola­
tile organometallic compounds of As and Se would not be present 
in the leachate following acidification with RN0 3 , the leachates 
prepared for analysis of all metals except Hg were not 
refrigerated. 
2.	 Digestion of Leachates 
Generally speaking, a digestion of an aqueous solution prior to 
FAAS analysis is required if the solution contains one or more of 
the following: 
a.	 Organically bound metals. 
b. Inorganic complexes resistant to pyrolysis, 
especially soluble silicate compounds. 
The only major source of organic compounds potentially able to 
complex heavy metals in the sorbent-fly ash blends is the uncom-­
busted coal fraction of the fly ash. It is fairly unlikely that 
this fraction can release any water-soluble compounds into the 
leachate, so the fraction of heavy metals in the leachate com­
plexed organically should be very small. Other than silicate 
complexes, inorganic complexes of these metals should be disso- ­
ciated by the combined action of the HN03 additions and the heat 
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of the air-acetylene flame of the FAAS slot burner. Silicalite 
complexes could conceivably be dissociated through the action of 
strong, oxidizing acids, but to prevent these compounds from 
potentially reforming, the silicate would have to be volatilized 
as SiF4 through treatment with hydrofluoric acid. This is gener­
ally dangerous and time consuming if performed on every sample, 
so the procedure is reserved for use on those leachates where 
high soluble silicate content is expected. Finally, it should be 
noted that the presence of metals in organic and inorganic com­
plexes not dissociated in a 0.56 M HN03 matrix is not generally 
environmentally significant--the conditions found in nature for­
the dissociation of such complexes are far less vigorous than 
those used in this experiment. As a result of these considera­
tions, no digestion is recommended for a leachate unless it is 
presupposed to possess high levels of a complexing substance. 
3. Suppression of Interferences 
Alternative methods discarded: 
a. Solvent extraction--the scale of these analyses is 
too large (the volumes of solutions to be extracted and the 
number of extractions is too great) to make this technique 
practical in this project. Further, experimental evidence has 
shown that adequate sensitivity is possible without 
preconcentration by solvent extraction and evaporation through 
the use of chemical additives. 
b. Liquid chromatrography--this technique will inevitably 
result in losses of the trace metals to be analyzed due to the 
large surface area available for absorption in each column, and 
the elution is too slow to be practical for the sample load 
encountered in this project. 
Choice of Chemical Additives 
and Flame Conditions 
Silver: The sensitivity of AA analysis for silver is enhanced in 
the presence of acetic acid relative to a distilled water matrix. 
Although CI- is known to precipitate Ag from acidic solutions,l ­
Slavin reports that Cl- as HCl can be tolerated up to a concen­
tration of 50% w/v without losses at silver concentration of 
25 ppm. 4 The 1982 USEPA official methods manual l3 reports that 
cyanogen iodide, CNI, can be added to eliminate Cl- precipitation 
problems, but this is permissible only for specially prepared 
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nonacidic samples and standards or standard additions, as acidi­
fication of this unstable compound yields HCN. Further, in the 
development of this project, no silver chloride precipitate was 
observed for any samples, and no substantial levels of Cl- were 
expected for leachates to be prepared in the future. Accord­
ingly, no attempt was made to eliminate Cl- interferences. No 
other interferences anticipated to be relevant to this project 
were discovered in an extensive survey of the literatures, so no 
special suppression techniques were applied to the analysis of 
silver. Silver is essentially always analyzed with the oxidizing 
(fuel-lean) air-acetylene flame, and this convention is accepted­
in this project. 
Barium: Iron, silicon and aluminum are reported to 
interfere with the determination of barium by coprecipitation. 1 
More specifically, aluminum, silicon, and phosphate (P04)3- are 
considered interferences when the air-acetylene flame is 
used. 13 An interference by Cl- at high anion concentrations has 
been noted,S but this is not anticipated to be significant. This 
same source recommends the use of EDTA as a suppressant for 
silicate and aluminum interferences in Ba analysis. The addition 
of lanthanum as LaCl l3 has been suggested for the control of AI, 
Si, and P043- interferences. 13 A level of 0.05 g/mL is 
recommended. A significant interference was noted when Ba is 
analyzed in a matrix containing more than 500 ppm Ca2+. 2 Such a 
matrix results in molecular absorption that can overload the AA 
unit detector unless narrow spectral bandpass is employed. For 
this reason, a slit width of 0.2 nm was chosen for the AA 
monochromator. Finally, and most significantly, barium is known 
to exhibit an ionization interference that can be corrected by 
the addition of an alkali metal chloride, such as KCI. 1 ,14 A 
concentration of 1000-2000 ~pm is suggested for the use of KCI as 
the ionization suppressant. 
Chromium: There are many references to an interference bi 
Fe: this interference can be surmounted by the use of NH4 CI, ,3 La CI 3 ,S,6 NH4 HF2,3,ll CSCl/HCl,14 surfactants such as sodium dodecyl sulfate (SDS),8,10 or Na2 So~.3,9 An interference by 
aluminum can be surmounted by LaCl 3 , ,lIar NH4HF2 ,11 though 
Hansen and Hall14 recommend against the use of LaCl 3 for this 
purpose. 
For all chromium analyses, the use of either a N20-C2H2 
flarne14 or a fuel-rich air C2H2 flame
7 is recommended to control 
ionization of the metal prior to absorption of hollow cathode 
radiation. The existence of several stable oxidation states for 
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Cr adds to the difficulty of this analysis, as chromium in these 
various states exhibits a variety of sensitivities. For this 
reason, it is desirable to oxidize all Cr in the sample to the 
CrVI oxidation state. Marshall and west 4 describe a simple means 
for performing this operation using K2S20S' and their procedure has been adopted for this project. Finally, it should be noted 
that Cr can be separated from potential interferences and precon­
centrated for enhanced sensitivity through coprecipitation with 
PbS04 or through extraction with methyl isobutyl ketone (MIBK) as 
the ammonium pyrrolidine dithiocarbamate complex, as described in 
the supplement to USEPA's Test Methods manual issued in Februarr 
1982. However, these methods were considered excessively compli­
cated for routine leachate Cr analysis and are more appropriate 
for the determination of Cr at levels far below the detection 
limit required for environmental impact evaluation. As a result, 
Cr was analyzed in the leachates without preseparation or precon­
centration, using a fuel-rich flame and NH 4HF 2 or NH4CI as the 
sole interference suppressant. 
Lead: Aluminum and silicate are noted to suppress the Pb 
signa~5 although some analysts have considered these effects 
negligible. 12 ,15 Welz 3 reports that the interference due to 
aluminum can be removed by the addition of EDTA. The Chevron 
Research Company Handbook of Atomic Absorption Analysis reports 
that acetate and carbonate suppress the absorption of Pb, and 
that these effects are eliminated as well by EDTA. As acetate is 
expected to be present in large quantities, EDTA is recommended 
as a suppressant for all AA analyses of lead. 
4.	 Choice of Preanalysis
 
Dilution Factors
 
General principles: 100 times the extraction procedure 
toxicity limit (henceforth referred to as "100 EP-TOX") for each 
of the five metals must be detectable within statistical 
significance (i.e., above the sensitivity limit, that total 
concentration that results in an absorbance of 0.0044 relative to 
distilled water). Further, to avoid time-consuming multiple, 
dilutions, the 100 EP-TOX limit for each metal should fall within 
the interference-free linearity limit after an appropriate single 
dilution. Dilution factors should thus be kept as small as 
possible (least reduction in concentrations) while permitting all 
elements to be screened in one step with adequate accuracy and 
16precision. The following data, abstracted from EPA sources and 
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the Perkin-Elmer Analytical Methods for Atomic Absorption 
Analysis l ? was used to choose the dilution factors: 
Table C-2. 
Data for Choosing Dilution Factors 
Interference-Free Interference-Free 
Element 100 EP-TOX Sensitivity Linearity-Limit 
Ag 5 ppm 0.054 ppm 4 ppm 
Ba 100 0.46# 20# 
Cd 1 0.28 2 
CrVI 5 0.08* 15* 
Pb 5 0.45 20 
# = Data for N20/C2H2 flame atomization. 
* = Data from Thompson and Reynolds, Atomic Absorption. 2 
Fluorescence, and Flame 
Emission Spectroscopy 
For Ba, Ag, Cd, and Pb a dilution factor of 5X (in practice, 
20 mL into 100 mL t.v.) was employed. For Cr, the only element 
to be analyzed separately without the use of a multielement stan­
dard, the same dilution was used even though undiluted samples 
could be processed, since the smaller sample volume allowed 
replicate samples to be processed in the event of suspicious 
results and was expected to reduce the severity of concentration­
dependent interferences. 
5. Choice of Standard Concentrations 
General principles: The standard concentrations used for 
each element should be spread across the linearity range, with 
special clustering about 100 EP-TOX concentration when feasible 
to assist in resolving otherwise ambiguous screening results 
(i.e., to help resolve matters when the measured concentration ia 
very close to the 100 EP-TOX limit, adjusted by the appropriate 
dilution factor). 
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The concentrations chosen for a metal should all lie above 
the sensitivity limit while the sum of the second highest 
concentration for each metal and 20 EP-TOX (;10,015) 
concentration should be below the interference-free linearity 
limit so that if a leachate contains less than 100 EP-TOX of that 
element, no further dilutions will be needed to determine the 
exact concentration of that metal using the technique of standard 
additions and at least three concentration/absorbance data 
points. For each metal, four standard concentrations were chosen 
so that either the bottom or top value could be discarded to 
improve linearity of the calibration curve when needed. The 
following concentrations and their corresponding code letters 
were used in this project: 
Table C-3. 
Standard Addition Concentrations 
Element A B C D 
Ag 0.09 0.9 1.8 3.6 p~ 
Ba 0.477 4.77 9.54 19.08 
Cd 0.045 0.45 0.9 1.8 
CrVI 0.1 0.5 1.0 2.0 
Pb 0.101 1.01 2.02 4.04 
Note that with the exception of Cr, the ratios of A, B, C, 
and 0 levels of each element are consistent: 1:10:20:40 as a 
result of the use of a multielement standard for these metals. 
Further, observe that the deviations of the concentrations of Pb 
and Ba for integers or simple ratios is due to weighing errors in 
the preparation of the four-metal mixed standard. Finally, the _ 
choice of Ba standard concentrations had to be made in a manner 
that violates the above general principles in order to allow a 
reasonable spread of data points across the linearity range. 
Accordingly, the values shown above were used for all analyses in 
this project. The concentrations chosen for lead allow three 
data points above the interference-free sensitivity limit while 
the A level standard lies below this limit. This is a result of 
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:he composition of the multielement standard; the addition of 
more Pb to the standard concentrate was observed to precipitate 
metals out of solution and might result in exceeding the 
linearity limit. If desired, the amount (volume) of standard 
addition corresponding to A level for Pb, Cd, Ba, and Ag can be 
increased by 5X to correct this deficiency. 
6.	 Method of Standard Additions and 
Development for Four-Element Standard 
In preliminary tests, it was observed that the presence of­
Cr in the form of cr042- or cr2072- should precipitate Pb and Ba 
from a five-element standard. In constructing a four-element 
standard, it was found desirable to add the elements requiring 
the highest concentrations (Pb and Ba) as solids to be dissolved 
in 1000 ppm solutions of Ag and Cd and appropriate volumes of 
distilled water. Each element was added as its nitrate to improve 
solubility and to prevent anion-induced cross-interferences. 
In the preparation of the standard, a minimum amount of HN03 is 
used (less than the usual 2.5%) to prevent common ion effect 
precipitation. Due to the presence of Ag, all manipulations of 
the multielement standard must be made under darkened conditions. 
The	 recipe for the multielement standard is as follows: 
Combine 31.3 mg Pb(N03 )2 - - Dried 24 hours at 750C. 190.3 mg Ba(N03 )2 _ 
18.0 mL 1000 ppm Ag AAS standard (AgN03) in 0.71% HN03 }. 9.0	 mL Fisher certified 1000 ppm Cd standard. 
Add a few milliliters of distilled water and heat gently to dis­
solve the salts. Dilute to 100 mL after cooling to 25°C. Store 
solution as 10 mL aliquots in 15 mL darkened ampules. The 
storage of this solution is ampules prevents waste, evaporation, 
and contact with dust. 
The 1000 ppm CrVI stock solution was prepared by adding 
1.923 9 of Cr03 dried 24 hours at 125°C to a 1000 mL volumetric 
flask containing 5 mL 71% HN03 and diluting ~o volume with _ distilled water. The working Cr standard (100 ppm) was prepared 
by diluting 10 mL of the 1000 ppm stock solution and 0.5 mL 71% 
HN03 to 100 mL t.v. with distilled water. 
The method of standard additions was used for all analyses 
not only because such practice is required by USEPA protocols, 
but also because this eliminates the need for tedious matrix 
matching for many leachates with vastly different levels of 
matrix elements. When this method is used, the interference 
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suppressants recommended serve to improve the sensitivity and 
linearity of the analysis. 
The 100 ppm CrVI standard and multielement standard were 
added to appropriate aliquots of the leachates in very small 
volumes in order to conserve standards and to improve consistency 
in matrix composition between standard additions to a particular 
leachate with varying concentrations of each analyte metal. 
As formulated above, the multielement standard has 
concentrations of 180 ppm Ag, 90 ppm Cd, 202 ppm Pb, and 954 pp~ 
Ba. Accordingly, the volumes of standard additions for Ag, Pb, 
Ba, and Cd are: 
A = 0.05 mL (50 ~l) for 100 mL T.V.
 
B = 0.5 mL (50 ~l)
 
C = 1.0 mL
 
0 = 2.0 mL
 
In addition, the volumes of standard addition for the 
100 ppm CrVI working standard are: A = 100 ~l; B = 500 ~l; C = 
1.0	 mL; 0 = 2.0 mL. 
7.	 Suppression of Interferences, 
Acidity Adjustment, and Cr Oxidation 
In order to maintain metals in solution, each standard 
addition is adjusted to a concentration of HN03 >= 2.7% by the 
addition of 3.5 mL of 71% NH03 per 100 mL. Under these 
conditions, the existence of Cr as CrIll is unlikely, but 
oxidation of standard additions intended for Cr analysis is still 
advisable. This can be affected by adding 10 mL of 5% K2S20a
solution to each 30 mL volume consisting of 20 mL leachate, 10 mL 
distilled water, and the standard addition of Cr solution, 
heating this mixture at 100°C for several minutes (preferably in 
a water bath), and cooling to 25°C before addition of HN03 and 
NH4HF 2 and dilution to volume. This method, adapted from 
Marshall and West's paper,4 should be applied collectively to all 
four levels of standard addition of all leachates in a given 
batch so that differences in treatment due to unequal reaction ~ 
times and temperatures and incomplete oxidation can be 
minimized. Note that if this method is not used, a positive test 
for Cr (i.e., leachate concentration >5 ppm) will be a reliable 
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result as the leachate contains at least that much total Cr, 
while a negative result must be regarded as suspicious. 
In summation of Section C.3, the suppressants chosen for the 
five metals are: 
Ag - no suppressants required. 
Pb - EDTA 
Cd - EDTA 
Ba - KCl 
Cr - NH 4HF 2 
To reduce the need for large numbers of volumetric additions, the
 
metals are grouped according to mutually compatible
 
suppressants--i.e., metals were paired if each requires a sup­

pressant that does not interfere with the other member of the
 
pair. Cr had to be considered separately, as the Cr standard
 
additions were made without the use of a multielement standard.
 
Ba and Ag samples could not be treated together as the Cl­

arising from KCI is an interference in Ag determination.
 
Accordingly, Ba was paired with Cd, and Ag with Pb. This means
 
that, from the original four levels of multielement standard
 
addition made to each leachate, a sample of each of these levels
 
was treated with EDTA for Pb and Ag analysis, and another sample
 
of each was treated with both Kel and EDTA for Cd and Ba analy­

sis. In addition, each leachate was given four levels of Cr
 
standard addition in an independent sequence of steps, and each
 
of these contained NH4HF 2 as an interference suppressant. The
 
exact additions made to carryout these steps are: liE samples ll
 
for Pb and Ag analysis: add 0.5 mL 336.2 giL disodium edetate
 
(Na2 EDTA) solution per 10 mL of each standard addition to a par­

ticular leachate to produce a final concentration of 0.05 M
 
EDTA. Note: ELlA = EDTA treated addition to Leachate 1 at
 
Level A.
 
11K sample ll for Cd and Ba analysis: add 0.5 mL of the above 
EDTA solution and 9.5 mL of 120 giL KCl solution per 10 mL of 
standard addition to produce concentrations of 0.05 M EDTA and 
5700 ppm KCl. KLlA = Kel and EDTA treated standard addition to ­
Leachate 1 at Level A. 
Cr samples: After oxidation, add 10 mL 10% NH 4HF 4 solution 
and 3.5 mL 71% HN03 and then dilute standard additions to volume (100 mL) with distilled water. Note that NH 4HF 2 solutions are 
somewhat corrosive to glass, so solutions must be transferred to­
plastic containers soon after preparation and the volumetric 
flasks in which they were prepared should be rinsed as quickly as 
is convenient. 
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Once again, EDTA and ReI suppressants are added in small 
volumes to prevent excessive dilution, waste of stock solutions, 
or the danger of cge errors due to disregard of dilution 
factors in data analysis. As always, standard additions 
containing the multielement standard should be protected from 
light to inhibit Ag precipitation. All standard additions, 
including both those treated and untreated with suppressants, 
should be stored in small darkened plastic bottles until use. 
8. Choice of Instrumental Conditions 
Basically, analytical conditions were those recommended by 
the Perkin-Elmer Analytical Methods Manual, with adjustments made 
on the basis of experimental observations. All measurements were 
performed in absorbance mode on the Perkin-Elmer 370 AA spectro­
meter with either the manufacturer's air-acetylene or nitrous 
oxide-acetylene burners in place. Single element hollow cathode 
lamps were used for each of the five analyte metals. Data was 
recorded on a Perkin-Elmer 56 strip chart recorder with tran­
scription of actual absorbance readings from the spectrometer's 
digital readout by the operator during each analysis. 
9. Experimental Results and Observations 
~: Using the recommended procedures of the preceding 
sections, the leachates of pure sorbent; pure fly ash; and six 
dry mixtures of fly ash, sorbent, and portland cement were 
analyzed. Sensitivities (calculated as 0.0044/slope of best abs. 
versus added concentration line) were best (0.0751, 0.0740 ppm) 
for leachates of blends containing no spent sorbent, and worst 
for blends containing high levels of sorbent (0.763, 
0.328 ppm). Intermediate mixtures have leachates that generally 
show intermediate sensitivities for Ag analysis by this 
technique. In all cases, an acceptable sensitivity was achieved 
(i.e., sensitivity limit <= 1 ppm). With the exception of the 
leachates of high sorbent blends (containing at least 90\ by 
weight sorbent), the regression correlation values were all above 
0.990. The leachates of high sorbent blends both before and 
after curing exhibited low correlation (as low as 0.935). Thus,~ 
there are associated with the pH 5 soluble fraction of the spent 
sorbent both Ag- concentration-dependent and concentration 
independent interfering substances that were not conclusively 
identified by references to the literature. 
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Ba: Using the recommended procedure with an air-acetylene 
flame (32:55 C2H2:Air but with only Kel suppressant and EDTA), 
the same leachates were analyzed. In this case, sensitivities 
were fairly consistent for all samples at about 10 ppm, while the 
linearity of the calibration curves varied with sorbent content 
in a manner similar to that observed in the analysis of silver. 
In particular, excepting the 90% or greater sorbent content 
samples, correlation coefficients were at least 0.990, while high 
sorbent leachates had correlation as low as 0.944. Thus, there 
is a Ba-concentration-independent interference associated with 
both the sorbent and the fly ash when the air-acetylene flame i~ 
used, and under these conditions, substances present in the pH 5 
soluble fraction of the sorbent exhibit a concentration dependent 
interference. To correct these deficiencies, it is recommended 
that the analyst add EDTA to produce a uniform concentration of 
0.1 M in the standard additions and to atomize these solutions 
with the nitrous oxide/acetylene flame. The use of the hotter 
N20/C2H2 flame will help reduce the molecular absorption due to 
CaOH+ formed from the soluble Ca of the sorbent. Further, the 
EDTA will suppress concentration-independent interferences due to 
Al and silicate from the fly ash. Thus, when these recommended 
procedures are followed, a marked improvement in the accuracy and 
precision of the Ba analysis should result. 
Cd: In a sequence of preliminary experiments on two trial 
blends in which the recommended analytical conditions are used 
but the levels of EDTA are varied, the presence of EDTA was 
observed to improve sensitivity and linearity and higher levels 
of EDTA resulted in more improvement. Linearity consistently 
above 0.990 was achieved when the EDTA concentration was at least 
0.033 M. 
In the next sequence of experiments, performed on the 
leachates subjected to the previously mentioned Sa and Ag 
analysis, the recommended procedure was carried out in its 
entirety. with (EDTA Na2) = 0.048 M. For all samples tested, 
sensitivities were very consistent with a typical value of 
0.066 ppm, and all correlation coefficients, based on four data 
points each, were at least 0.999. Thus no further modificationsc 
of the analytical procedure for Cd were proposed. 
Cr: Using the recommended procedure with air-acetylene 
flame, the six leachates of dry mixes described above were 
analyzed for chromium as CrVI, without persulfate oxidation. No 
clear trends were evident in either the sensitivity or linearity 
of the analysis, as all sensitivities were between 0.135 and 
0.226 ppm and all correlation coefficients were at least 0.997. 
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Accordingly, no changes were proposed to the procedure used for 
these trials, other than to include persulfate oxidation to 
improve the accuracy of the determination when CrIll may be 
present. 
Pb: Next, the recommended method was applied to the eight 
experimental leachates, with the exception of additions of EDTA 
as an interference suppressant. 
Generally, the samples exhibited sensitivities that were 
internally consistent and uniformly below the interference-free~ 
sensitivity limit of 0.45 ppm, indicating a positive interference 
(possibly Fe) in all these samples. Further, all the leachates 
in this category showed high correlation coefficients (i.e., at 
least 0.99). However, one sample, a cured paste made from the 
pure sorbent, showed much poorer sensitivity, suggesting that 
other cured samples might have leachates with similar negative 
interferences. As a result, additions of EDTA are advisable to 
promote a uniform sensitivity limit, though acceptable analyses 
are still possible without them; the highest sensitivity limit 
encountered for Pb was 0.52 ppm, which is well below the 
20 EP-TOX level of 1 ppm. 
10.	 Summary of Improvements 
and Further Research 
a. A remedy to the interference in the determination of Ag 
in the leachates of high sorbent materials should be found. 
b. More investigations should be performed on the deter­
mination of Ba with the N20/C2H2 flame and EDTA additions. 
Investigations with the N20/C 2H2 flame were impeded during the 
course of the project by difficulties with the special apparatus 
required, so adequate performance was not possible until very 
late in the experimentation. 
2- .	 . c. The effect, if any, of the 52°8 10n on the determ1na­
tion of CrVI should be investigated as persulfate oxidation is 
ultimately recommended for all Cr analyses of the leachates. 
Some investigation of the analysis of these solutions with the 
N20/C2H2 flame may be in order if particularly intractible leach­
ates are encountered, or if the use of ammonium bifluoride as a 
suppressant must be curtailed to prevent corrosion to the glass 
bead nebulizers found in some atomic absorption equipment. 
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Final Leachate Analysis Technique 
1. Shake leachate container to mix contents. Allow to reach 
room temperature.2. Set up the following matrices volumetric 
flasks according to this example: 
Ag/Pb/Cd/Ba	 D D D D 
C C C C 
B B B B 
A A A A 
Sample No. L3l L32 L33 •..• L40 
Cr	 D D D D 
C C C C 
B B B B 
A A A A 
L3l L32 L33 ..•. L40 
3. Add to each column 20 mL of the appropriate leachate per 
flask using appropriate volumetric or accurately-calibrated mea­
suring pipets. 
4. Add 3.5 mL of 71% HN03 to each flask of the Ba/Cd and Ag/Pb 
series, but not to the Cr flasks. 
5. Ag/Pb/Cd/Ba: To each Level A flask, add 50 microliters of 
four-element standard from a freshly opened ampule using a 
Hamilton CR-700 adjustable syringe or similar instrument. Simi­
larly, add 0.5 mL to each Level B flask, 1.0 mL to each Level C 
flask, and 2.0 mL to each Level D flask using small volumetric 
pipets or repeating automatic pipets. 
Cr: Proceed as for the other elements, except add 100 micro­
liters of 100 ppm Cr standard to each Level A flask, 0.5 mL for 
Level B, 1.0 mL for Level C, and 2.0 mL for Level D. Further, 
add about 10 mL of distilled water and exactly 10 mL of 5% K2S20a 
solution to each Cr flask. Transfer these flasks to a hot water 
bath at maximum temperature (close to 100°C). Make sure the 
flasks are properly weighed to prevent them from floating away, ­
and heat for several minutes. Remove flasks and allow them to 
cool to 25°C. Add 3.5 mL of 71% HN0 3 to each Cr flask. 
6. Ag/Pb/cd/Ba: Add to each solution 5 mL of 1 M Na2 EDTA solu­
tion (336.2 giL), dilute each solution to 100 mL total volume, 
and transfer these solutions to clean, darkened, labeled 150 mL ­
plastic bottles. 
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Cr: Add to each flask 10 mL of 10% NH4HF2 solution. Mix thor­
oughly and dilute to volume (100 mL). Without delay, transfer 
each solution to a clean, labeled plastic 150 mL bottle, and 
rinse the volumetric flasks to discharge traces of bifluoride on 
:he glass surfaces. 
7. Just prior to the analysis of Cd and Ba, transfer 10.0 mL of 
each standard additions to labeled 20 mL scintillation vials. 
Add 9.5 mL of 120 g/L KCl solution to each vial and mix the 
resulting solutions. 
8. Analyze solutions as soon as possible. If necessary, they 
can be refrigerated, but the possible implications of this treat­
ment for accuracy and precision of the test have not been 
investigated. 
Follow the instructions of the manufacturer of the 
particular spectrometer used, but process the solutions in this 
order: start with an intermediate (B or C) level solution and 
use this solution to optimize the instrumental parameters, using 
Table C.3 as a guide for dependable analytical conditions. Be 
careful to leave enough of this solution to analyze accurately 
later. Next, aspirate distilled water for 30 seconds. Adjust 
readout to zero absorbance and record the aspiration rate in 
mL/min. 
Now run all Level A samples of a particular metal in 
sequence (e.g., L3l, L32, ••.• L40). Aspirate distilled water 
between each of these for several seconds, and after all the 
Level A samples are aspirated, aspirate distilled water for at 
least 30 seconds. 
Next, run the B standards as above, followed by distilled water, 
then the C standards, etc. After the D standards are completed, 
aspirate distilled water and check the aspiration rate. Be sure 
to check the baseline after each few samples of any given level 
and during each intermediate distilled water aspiration between 
levels. Note any corrections that must be made to the 
absorbances due to baseline drift. If the drift is greater than 
about three minor divisions (about 3% of full deflection) at any­
point relative to the zero level set at the beginning of the run; 
rezero the instrument, and make a note of this change on the 
chart readout. 
A replicate sample, consisting of an entire sequence of four 
levels of standard addition, is to be processed for each batch of 
ca. six leachates or blanks, and for any leachate whose analysis 
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seems suspicious. At least one replicate sequence should be 
included in every batch, even if the batch contains fewer than 
six leachates. Note that this procedure has been designed to 
minimize the need for volumetric flasks in large numbers, and has 
been optimized for maximum efficiency in dealing with large 
numbers of leachates. 
9. Data reduction technigue: Use the following coding technique 
when referring to leachates and their standard additions: 
L31 = Leachate No. 31 
F = Pure Fly Ash 
ROA = Level A addition of Cr to 
blank (20 mL water in 
place of the leachate 
aliquot).RL31A = Level 
A addition of Cr to 
L31. 
KL31B = Level B addition of multi­
element standard to L32 
with KCl for Ba/Cd 
analysis. 
EL31C = Level C addition of multi­
element standard to L31 
with EDTA only for Ag/Pb 
analysis. 
Note that replicate leachates are given consecutive leachate 
numbers, e.g., L31 and L32. Replicates of sorbent or fly ash 
leachates are end coded F-l; F-2; .... , and 5-1; S-2; ••• , 
respectively. 
For each leachate or blank, list the absorbances, corrected 
for baseline drift at each level of standard addition. Enter 
absorbance versus added concentration into a computer programmed 
for linear regression analysis. Find the correlation; the slope, 
a; and the intercept, b. Calculate the sensitivity parameter: 
0.004	 and the leachate diluted concentration: b 
a a 
If the leachate diluted concentration is greater than the 
sensitivity parameter, multiply this concentration by the 
appropriate dilution factor: Ba and Cd: 5.25 Ag, Cr, and Pb: 
5.00. The resulting concentration is the measured concentration 
in the original 1000 mL leachate sample (or in the blank, if 
applicable). If this concentration exceeds the appropriate 
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100 EP-TOX limit after the blank value is subtracted out, then
 
the leachate is classified as tl+" with respect to that metal.
 
Otherwise, a negative "_" result is recorded. If the diluted
 
concentration of any leachate is below the sensitivity limit for
 
the metal analyzed, a "_" test is recorded for that leachate,
 
provided that the sensitivity limit is no greater than 20 EP-TOX
 
for that metal. If the sensitivity limit is too high, the blank
 
value is excessive, the replicate analyses do not agree, the
 
correlation is poor, or any result seems suspicious, or
 
"borderline," the analysis of that leachate should be deferred
 
until appropriate corrections can be made to the analytical
 
procedure. These corrections may include use of nitrous oxide in
 
place of air as oxidant, use of different suppressants, or
 
changing of original dilution factors, instrument settings,
 
etc. If excessive noise or large variations in aspiration rate
 
are noticed in the course of a run, it may be necessary to defer
 
judgment on all leachates of that run with respect to that metal
 
until these problems are corrected.
 
For the data analysis and final report, the following format is
 
suggested:
 
Leachate Leachate 5 Leachate Retest? 
L31 0.0570 NO No 
Troubleshooting Suggestions 
To correct for baseline slope, draw true 0 abs. line, and 
measure deviations (in chart units) for each peak from this line, 
interpolating the left and right hand baselines for each. Taking 
the first sizable peak before the beginning of the drift, 
calculate the vertical scale factor: 
Absorbance of Reference Peak
 
Height of Peak in Scale Divs.
 
Convert baseline corrections to absorbances, and add or subtract 
these from absorbances of the corresponding peaks. This yields 
the "corrected absorbance." 
If correlation of the four data points for a leachate is 
poor (i.e., less than 0.990 for most analyses), throw out a top 
or bottom data point and recalculate, or dilute further. If 
sensitivity is poor, either try suppressants described in 
-91­
Section C, but not used in original analysis (e.g., LaCl 3 ), use 
lower dilution factor (dilute more to eliminate concentration­
dependent interferences), or optimize instrumental conditions 
such as lamp placement, flame stoichiometry and height, 
wavelength, lamp current, etc. 
Supplement: Cleaning Procedures 
for Glassware 
Glassware, porcelain, plasticware: Scrub off all particles 
and dirt until visually clean. Rinse three times with 1 ~ HN03r 
then rinse three times with distilled deionized water. Store at 
room temperature in a dust-free environment. Exceptions: mortar 
and pestle; pipets; storage bottles for leachates, solids, 
digestates, standard additions, etc.; scintillation vials; porce­
lain spatulas which should be dried at 75 degrees for several 
hours before use. 
CR-700 syringe: Prepare two labeled beakers, one with 1 ~ 
HN03 , and the other with distilled deionized water. Draw in 200 
microliter aliquots of the acid and discharge to waste, repeating 
this step six times. Draw in 200 microliter aliquots of the the 
water and discharge to waste, repeating this step also six 
times. Check needle for corrosion--replace if needed. Store 
away from dust and moisture. 
Filter tubes: After scrubbing off superficial dirt, connect 
Tygonm tube to the filter tube. Pour a few milliliters of 1 M 
HN03 into the plastic tube. Place the fritted end of the filter 
tube over a waste receptacle, and connect the open end of the 
Tygonm tube to a low pressure source of compressed air or nitro­
gen. Blowout the acid through the filter tube, and repeat these 
last few steps three times. Next, pour distilled water into the 
plastic tube and blow the contents of the tube out. Repeat this 
procedure three times. The tube is now ready for use. 
These procedures assume no later analysis for Hg is 
intended; if a H9 analysis is intended, make the following 
changes to the above instructions: oven dry mortar and pestle, ~ 
funnels, spatulas, leachate extraction bottles, all parts of 
filtration apparatus, filter flasks, 1000 mL bottles, H9 sample 
bottles, and all other apparatus used to handle the solids and 
their leachates prior to the segregation of the mercury samples 
for each leachate. Be careful not to melt plastic items in the 
process of oven drying_ 
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Spray Dryer 
The spray dryer is a relatively new flue gas desulfurization 
system that is quickly gaining acceptance among utilities and 
others who need such systems. The reason for the quick accep­
tance of the spray dryer lies in its advantages over the more 
common wet scrubber. The primary advantages are a dry by-product 
instead of a sludge and lower operating costs. The spray dryer 
has been used in other industries to produce such things as pow­
dered milk, instant coffee, detergents, and many other products 
that only need water to make them useful. In each case the 
process is basically the same and consists of an atomizer which 
atomizes the slurry or solution, and while doing so, sprays the 
resultant droplets into a hot chamber. Heat transfer quickly 
evaporates the droplet leaving a dry product. This is also the 
basic principle behind the flue gas desulfurization spray dryer. 
Solutions, usually of soda ash or sodium bicarbonate: or slur­
ries, usually of calcium hydroxide, are atomized and then contac­
ted with the hot flue gas. The 802 in the flue gas reacts with 
the reagent and heat transfer evaporates the water. The result 
is a dry by-product high in sulfite and sulfate salts of calcium 
or sodium, and a flue gas with much less 502. 
Much of the pioneering work in spray dryer design and 
optimization was, and continues to be, done at Argonne National 
Laboratory located in Argonne, Illinois. In the Argonne spray 
dryer system (where the spent sorbent sample was obtained) high 
sulfur coal mined in the Illinois Basin is burned in a spreader 
stoker boiler to produce steam which is used to heat and cool the 
laboratory. The stoker system feeds small chunks of coal by 
hurling them to the back of the furnace where they land on a 
moving grate and are slowly combusted as the grating moves 
forward toward the stoker. The flue gas leaves the boiler and 
enters a duct which takes it through an economizer (a heat 
exchanger to preheat boiler water) and then goes on to a cyclone. 
A cyclone is a device for removing particulates and relies on the 
greater density of solids relative to gases, and centrifugal 
force, to separate the solid particles. At this point the 
Argonne system differs from utility systems. Argonne has a two-~ 
unit particulate removal system, the cyclone just mentioned, and 
a baghouse downstream from the spray dryer. Most utility systems 
only have one unit which is located downstream from the spray 
dryer. After flowing through the cyclone the flue gas contains 
only very fine particles of fly ash (in the sub-five micron 
range) and is split 60/40 into two streams. The larger of the 
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two enters the spray dryer through a roof disperser which imparts 
a counterclockwise motion to the gas. The smaller of the streams 
enters the spray dryer through a central disperser, located in 
the middle of the chamber, which imparts a clockwise motion to 
the gas. This results in a thorough mixing as the two counter­
current streams collide. In this turbulent zone the flue gas is 
contacted with fine droplets of atomized reagent slurry. The 
solids in the reagent slurry consist of calcium hydroxide and 
recycled spent sorbent. Heat transfer quickly evaporates the 
water and the majority of the powder continues on to the baghouse 
while the remaining powder drops to the bottom of the chamber 
where it is picked up by a drag link conveyor. 
Many parameters are used to optimize spray dryer perfor­
mance. These include inlet temperature, approach to saturation, 
percent solids in the reagent slurry and many others. 
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Theory 
The primary goal for the first phase of this project is to 
determine the blend of spent sorbent (55), fly ash (FA), and 
cement (eE) that has enough strength to be useful in construc­
tion. In order to accomplish this an understanding of strength 
and how it might arise in the SS/FA/CE system is essential. 
Getting strength from this system is primarily a task of 
minimizing porosity. porosity measures the holes, or free space, 
in a material's structure. Porosity arises because the SS, FA,_ 
and the CE require water as a reactant and as a mixer: as this 
water evaporates it leaves holes in the structure. In general 
there are two ways to minimize porosity: one is to start out with 
less water, the other is to have materials in your system which 
hydrate the water thereby incorporating it into the structure. 
The hydration products are usually crystalline and therefore grow 
as they hydrate. The random entangelement of these growing 
crystals also contributes to strength. 
In this system there are many possible reactions which could 
contribute to strength. There are also many complicated inter­
actions, such as catalytic effects, that need to be considere~. 
An understanding of the components in the system is essential to 
determining the potential reactions and reaction products. For 
this reason the spent sorbent, fly ash, and cement will be dis­
cussed individually prior to an analysis of the system with all 
three together. 
One of the main components is the spent sorbent. The main 
compound in this system is calcium sulfite hemihydrate, a product 
of the desulfurization reaction which takes place in the spray 
dryer. The spent sorbent also contains a small amount of calcium 
sulfate dihydrate (gypsum) formed by oxidation of the calcium 
sulfite hemihydrate. Other compounds in the spent sorbent 
include calcium carbonate, fly ash small enough to escape the 
cyclone, and unreacted calcium hydroxide. 2 
As far as being a cementitious system on its own, the spent_ 
sorbent is not a good candidate. The calcium sulfite and calcium 
sulfate are fully hydrated and so cannot be hydrated further. 
This means that no strength can be gained from them alone. If 
the two were anhydrous, adding water would hydrate them and, 
thereby, cause the growth of crystals that can result in 
strength. An example of this is plaster of paris which is 
-100­
actually anhydrous calcium sulfate (anhydrite). Adding water to 
plaster of paris results in a very rapid hardening as the 
anhydrite hydrates to gypsum. 
The fly ash system is composed of the inorganic matter in 
coal that cannot be burned and is light enough to "fly" up the 
stack. Fly ash composition and morphology are highly dependent 
on the chemical composition of the coal it comes from and condi­
tions in the boiler, therefore, only very general information can 
be given. Fly ashes consist mainly of silica, alumina, and iron 
III oxide. The amount of these compounds along with the ~mount­
of calcium oxide, form the criteria for classifying fly ashes. 
Fly ashes containing 50% silica, alumina, and Iron III oxide and 
having a high calcium content are classified as Type C fly ashes. 
Type C fly ashes are cementitious as well as pozzolanic. A fly 
ash containing 70% silica, alumina, and Iron III oxide and having 
a low calcium oxide content is a Ty~e F fly ash. Type F fly 
ashes are classified as pozzolanic. Type F fly ash is used in 
this experiment. 
There are well known cementitious reactions that occur in 
fly ash systems. The reactions involve calcium oxide with silica 
and alumina in the presence of water (water activates the calcium 
oxide). These reactions are called pozzolanic reactions and form 
compounds very similar to those found in portland cement, calcium 
silicates, and aluminates. This is why the Type C fly ashes are 
classified as cementitious--they have enough calcium oxide to 
form these cementitious compounds on their own. However, adding 
lime or cement to a Type F fly ash adds the necessary calcium 
oxide and will make the system cementitious. 
Cement is a very complicated system so only a few compounds 
will be mentioned. Some of the compounds are; tricalcium 
aluminate, tricalcium silicate, and calcium silicate. 5 
Strength in this system arises from hydration of the com­
pounds just named as well as the formation of a calcium silicate 
gel. As the cement particles hydrate they grow; the random 
entanglement of the growing crystals creates the strength. When_ 
these three main components are mixed to form one system many 
things can happen. 
The spent sorbent introduces gypsum to the system. One well 
documented property of gypsum is that it retards the set of 
portland cements. It accomplishes this by hindering the 
hydration of tricalcium aluminate by forcing sulfate ions into 
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the calcium silicate gel. 6 Gypsum also reacts with the cement to 
produce ettringnite, 6CaO A1 203 3CaS04 32H20, though ettringnite is a hydration product and contributes to strength, its formation 
is closely linked to expansion in concretes.? This usually 
occurs at later cure times and can result in buckling and crack­
ing that can destroy roads and other concrete constructions. 
Recently there has been some controversy over the relationship 
between ettringnite and expansion,8 however, for the purposes of 
this experiment expansion due to ettringnite must be considered. 
Expansion due to ettringnite is most clearly shown in work done 
by John Ing on the rate formation of various products in a system 
consisting of lime and fly ash mixed with either calcium sulfite 
hemihydrate or gypsum. In the gypsum system the main reaction 
product was ettringnite. After 256 days, expansion apparently 
due to ettringnite formation, was accompanied by a sharp drop in 
strength. 9 (John Ing also measured strength development.) 
However, these systems were designed to monitor product formation 
so reactants were in large excess. This resulted in an exag­
gerated production of ettringnite. Therefore, though these 
results must be heeded, the severity of them cannot be applied to 
all systems. A more positive aspect to the addition of gypsum is 
that it catalyzes the pozzolanic reaction and also the hydration 
of tricalcium silicate, one of the cement compounds. lO The 
optimum amount of gypsum for this latter reaction is about 2%i an 
increase to 4% showed minimal benefits while an increase to 8% 
gypsum actually inhibited the reaction. 
Another compound added to the system by the spent sorbent is 
calcium sulfite hemihydrate. There is not very much information 
on sulfite interaction, but some is available. One primary con­
cern was the effect sulfite would have on the ultimate strength 
of this material. However, a recent review of this by the u.s. 
Bureau of Reclamation has shown that sulfite in no way hinders 
the soundness of concrete. II Another positive finding was that 
calcium sulfite hemihydrate will react with lime and fly ash to 
produce a cementitious compound 3CaO CaS03 7H20. 12 This compound 
is a rod shaped crystal suitable to the entanglement so benefi­
cial to strength development. Another result of John lng's work 
was that the sulfite system consistently developed greater 
strength than the sulfate system while showing comparatively 
little expansion and cracking. The sulfite system did show some 
expansion by 256 days and a small decrease in strength; however, 
the magnitude of these were small when compared to the gypsum 
system. 13 
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Anhydrous calcium sulfate (anhydrite) is another possible 
component in the spent sorbent, though in much smaller amounts 
than the other two. Anh1drite, like gypsum, is a known catalyst of pozzolanic reactions. 4 
All of these findings point to an optimum ratio of spent 
sorbent to fly ash to cement. The optimum will have enough 
anhydrite and gypsum to catalyze the pozzolanic reaction and 
enough gypsum and calcium sulfite hemihydrate to form ettringnite 
and 3CaO CaS037H20, but not enough to cause expansion problems. 
Strength will obviously increase with increasing cement; however, 
after a certain amount these blends will no longer be economic­
ally competitive with other materials used in roadbases etc. 
Therefore, it is important to determine the minimum amount of 
cement that produces the needed strength. 
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